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Abstract 
To cope with the growth and development of the city, a large number of cut 
slopes were created to provide flat land. At present day, there are 57,000 man-made 
slopes registered in Hong Kong. Shotcrete and chunam plaster had been widely 
applied to protect these slopes in the past. Yet, these covers are stony and visually 
unpleasant. Aesthetic concern of man-made slopes was raised by the public and the 
government. The government thus promotes the use of vegetation for slope 
protection in the first place. As a result, various proprietary slope greening 
techniques have been developed to meet the market needs. However, vegetation 
could not grow sustainably on these systems. Vegetation coverage was low in 
winter. 
In view of the problem, this research aims (1) to study the water status of the 
substrates of various proprietary systems, (2) to examine the relationship between soil 
moisture and vegetation growth, and (3) to study the surface runoff and soil loss of 
proprietary systems. 
Four commonly used techniques, Rocksgrass, NFY Mulching Panel, Geofiber 
and Toyo-Mulching were investigated by studying their soil moisture, green coverage 
and other substrate properties. The results showed that soil moisture was closely 
related to and dependent on the ambient rainfall. Vegetation grew with high green 
coverage on slopes in summer when rainwater supply was sufficient. On the other 
hand, dieback of vegetation was observed on all the slopes in winter, when there was 
low amount of rainfall and soil moisture. Total nitrogen, total phosphorus and 
exchangeable cations were sufficient in both wet and dry seasons but mineral N and 
available P were in shortage. As green coverage was high in summer in which plant 
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available nutrients were lacking, it is believed that drought was one of the determining 
factors in affecting the growth of vegetation on the proprietary systems. 
In view of the seasonal drought on slopes, two commonly used techniques, 
Toyo-Mulching and Geofiber were examined to study the effectiveness of vegetation 
and inherent substrate properties on surface runoff and soil losses. The results 
showed that both standard grass mix (bermudagrass and bahiagrass) and Wedelia 
trilobata were effective in reducing surface runoff, soil loss and nutrient loss from 
slopes. Interception of raindrops by vegetation canopy, retardation of runoff velocity 
and deposition of eroded soil by surface roughness of vegetation were largely 
responsible for such reduction. The generation of surface runoff was dependent 
upon total rainfall while surface runoff was the main factor controlling soil loss. 
Surface runoff, soil loss and nutrient loss were much greater for Geofiber than 
Toyo-Mulching. The peat content in the substrate of Toyo-Mulching was attributed 
to its high organic matter content, low bulk density and soil compaction, and high 
maximum water retentive capacity when compared with the sandy substrate of 
Geofiber. Thus, surface runoff and soil loss were negligible due to its high 
infiltration capacity and low soil erodibility. 
This research filled the knowledge gap of water behaviour on man-made cut 
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Chapter 1 Introduction 
1.1 Introduction 
1.1.1 Environment of Hong Kong 
1.1.1.1 Flat land area 
Hong Kong is a hilly city. Among the total land area of 1,104 km2 (C&SD, 
2006a), about 60% is covered by natural terrain (Plate 1.1). There are many 
mountains and little open space in this tiny area. In order to keep pace with the 
growing population and prosperous economy, many slopes are formed to provide flat 
lands for building and infrastructure developments. At present day, there is intense 
development in hillsides and there are 57,000 man-made slopes registered in Hong 
Kong (CEDD, 2006c). As many buildings and infrastructure are built on or close to 
slopes, the risk of landslide which inevitably leads to casualty and property loss 
cannot be ignored. 
m i 
Plate 1.1 The topography of Hong Kong (adopted CEDD, 2006b). 
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1.1.1.2 Population 
Hong Kong had small population and sparse development in early years. The 
population in 1930 was only about 1 million. The population kept rising steadily 
throughout the years with a rapid post-war urban growth. Between the 1950s and 
the 1990s, the population increased approximately from 2 million to 4 million (GEO, 
2006). Therefore, there was a high demand for buildings and infrastructure 
developments to accommodate the people. To provide flat lands for developments, 
cutting into hillsides and filling the valleys are required. As a result, many 
man-made slopes were created. 
The population continues to expand in recent decades, and reaches 6.9 million in 
mid-2005 (C&SD, 2006b). It is expected to reach 8.38 million in 30 years' time 
with an average annual growth rate of 0.7% from mid-2003 to mid-2033. The 
shortage of flat lands will be increasingly severe and thus more hillsides are to be 
developed. The number of man-made slopes will escalate consequently, and this 
will inevitably lead to higher risks of slope failure, casualty and property loss. 
1.1.1.3 Climate 
Hong Kong has a subtropical climate. It has a mean annual temperature of 
23°C and a mean annual rainfall of 2,383 mm (Table 1.1). A hot humid summer is 
marked from May to August with occasional showers and thunderstorms. The 
temperatures in the afternoon often exceed 31°C (HKO, 2006). Meanwhile, a cool 
dry winter occurs between November and February, when temperatures below 10°C 
are not uncommon in January and February. 
About 80% of the rain falls between May and September. August is the wettest 
2 
month, when rain falls about four days out of seven with an average monthly rainfall 
of 444.6 mm. In contrast, January is the driest month, when rainfall occurs only 
about six days a month with an average monthly rainfall of 24.9 mm only (Table 1.1). 
Table 1.1 Summary of meteorological data in Hong Kong between 1971 and 2000 
(extracted from HKO, 2006). 
Air temperature (°C) 
Total rainfall Relative humidity Mean daily Mean daily 
Mean daily 
(mm) (%) maximum minimum 
January 24.9 73 16.1 18.6 14.1 
February 52.3 78 16.3 18.6 14.4 
March 71.4 82 18.9 21.5 16.9 
April 188.5 33 22.5 25.1 20.6 
May 329.5 84 25.8 28.4 23.9 
June 388.1 82 27.9 30.4 26.1 
July 374.4 81 28.7 31.3 26.7 
August 444.6 82 28.4 31.1 26.4 
September 287.5 79 27.6 30.2 25.6 
October 151.9 74 25.3 27.7 23.4 
November 35.1 70 21.4 24.0 19.4 
December 34.5 69 17.8 20.3 15.7 
Year 2382.7 78 23A 2^6 21.1 
Hong Kong is most likely affected by tropical cyclones in September, although 
gales are usual at any time between May and November. During the summer months, 
the territory experiences intense rainstorms either by tropical cyclones or troughs of 
low pressure. The heavy rainfall associated with these rainstorms may last for hours 
or even days. This may pose adverse effects on slope stability, which is often the 
cause of landslides in summer and lead to considerable damage to human lives and 
property. 
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1.1.2 Landslides in Hong Kong 
1.1.2.1 Landslide history 
Hong Kong has a tragic history of landslides. The mountainous topography and 
population expansion have accounted for the creation of thousands of man-made 
slopes. Meanwhile, intense rainstorms in summer months are responsible for the 
susceptibility to failure of man-made slopes and natural terrain. Although landslides 
on such landscapes may also be triggered by other factors such as construction 
vibrations and disturbances, and leaking water-carrying services, the majority (>95%) 
of landslides are caused by rainfall (GEO，2004a). Since 1948, landslides have 
caused the death of more than 470 people (Fig. 1.1). 
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Fig. 1.1 Landslide fatalities per year (extracted from Malone, 1998). 
The post-war urban growth is essentially responsible for the problem, for most of 
the deaths resulted from the collapse of man-made slopes created by the process of 
hillside development since the 1940s (Malone, 1998). Before the 1970s，slope 
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design in Hong Kong was developed generally more in an empirical manner rather 
than by geotechnical evaluation and analysis, in which adequate design and 
construction standards were lacking (Koo, 1998). Of the 57,000 registered slopes, 
about 39,000 (pre-1977) may be substandard (GEO, 2004b). Thus, there was a great 
risk of landslides (Fig. 1.2). 
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Fig. 1.2 Location of pre-1977 registered man-made slope features (extracted from 
Cheung and Shiu, 2002). 
The two most disastrous landslides in the recent history of Hong Kong took 
place on 18th June 1972, 
in which about 185 slope failures occurred and 138 people 
were killed after 3 days of severe rainstorm associated with a trough of low pressure 
(Koo, 1998). A major landslide occurred in the Sau Mau Ping Resettlement Estate 
when a big fill embankment collapsed. The temporary housing area was completely 
buried by landslide debris, killing 71 people and injuring 60 others (Plate 1.2). 
Hours later, another major landslide occurred in a private residential district at Po 
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Shan Road when a steep hillslope failed. Sixty seven people were killed and 20 
injured when an occupied 12-storey private apartment building was demolished (Plate 
1.3). Unfortunately, another disastrous mud avalanche occurred on a big 
embankment at Sau Mau Ping in August 1976，where 18 people were killed (Chan 
and Chan, 1998; Malone, 1998). 
Plate 1.2 The landslide at Sau Mau Ping on 18th June, 1972 (adopted CEDD, 2006b). 
Plate 1.3 The landslide at Po Shan Road on 18th June, 1972 (adopted CEDD, 2006b) 
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1.1.2.2 Government actions on landslide prevention 
Taking the advice of the Independent Review Panel of setting up a control 
organization after the fatal landslide at Sau Mau Ping in 1976，the Geotechnical 
Control Office (renamed Geotechnical Engineering Office (GEO) in 1991) was 
formed in July 1977 by the Government consequently. One of its tasks is to set 
safety standards for geotechnical works. Standards, guidelines and model 
specifications for design and construction of slope works have been evolved and 
published since the establishment of the GEO (Koo, 1998). 
The GEO is also responsible for carrying out an initial investigation of both 
Government and private man-made slopes and retaining walls which were formed 
before the establishment of the GEO. A long-term programme called the Landslip 
Preventive Measures (LPM) Programme has been carried out since the GEO 
establishment, which provides for the investigation, in a risk-based priority order, of 
existing man-made slopes. Since 1976，about $9.3 billion has been spent on studies 
and upgrading works of old (pre-GEO) substandard slopes. Currently, the 
Government spends about $900 million in upgrading and $650 million in maintaining 
these government slopes each year (GEO, 2005a). The Government has also 
reduced landslide hazards through public education by reminding the owners to 
maintain their slopes and reducing the consequences of landslides by promoting 
precautionary measures during heavy rainfall (CEDD，2006a). 
As a consequence of the LPM Programme, about 5,500 pre-1977 high priority 
slopes had been dealt with by 2000. The overall landslide risk of the pre-1977 
man-made slopes was reduced by about 50% when compared with the risk level in 
1977. Only 18 fatalities were recorded from landslide incidents in the past two 
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decades (Fig. 1.1, Table 1.2). The GEO aims to complete the upgrading works for 
another 2,500 substandard government slopes and the safety screening studies for 
3,000 private slopes under the LPM Programme from 2000 to 2010 (GEO, 2004d). 
In 2005, the GEO fulfilled its commitment in upgrading 285 substandard old 
government slopes and carrying out safety screening studies on 310 private slopes 
(CEDD, 2006d). It is estimated that the risk level arising from pre-1977 man-made 
slopes will be further reduced to 25% of that in 1977 by 2010 (GEO, 2004b; Lo and 
Cheung, 2004). 
Table 1.2 Fatal landslides since 1984 (extracted from GEO, 2005b). 
Landslide location Date Landslide consequences 
Lion Road Lower Village 21st May 1989 2 fatalities and 3 injuries 
Baguio Villas, Pokfulam 8th May 1992 2 fatalities 
Kennedy Road, Wan Chai 8th May 1992 1 fatality 
Cheung Shan Estate, Kwai Chung 16th June 1993 1 fatality and 5 injuries 
Kwun Lung Lau，Kennedy Town 23rd July 1994 5 fatalities and 3 injuries 
Castle Peak Road 7th August 1994 1 fatality and 17 injuries 
Shum Wan Road, Aberdeen 13th August 1995 2 fatalities and 5 injuries 
Fei Tsui Road, Chai Wan 13th August 1995 1 fatality and 1 injuriy 
Kau Wa Keng Upper Village 4th June 1997 1 fatality and 5 injuries 
Ten Thousand Buddhas’ Monastery, Shatin 2nd July 1997 1 fatality and 1 injuriy 
Sham Tseng San Tsuen 23rd August 1999 1 fatality and 13 injuries 
1.1.3 Slopes in Hong Kong 
There are four types of slopes in Hong Kong (Fig. 1.3). Natural terrains are 
slopes that naturally occur with no or limited human intervention. Meanwhile, 
man-made slope features are divided into three basic types including cut slopes, fill 
slopes and retaining walls. Cut slopes are formed by cutting directly into hillsides 
usually at a steep angle (>45。）with or without stabilization works (e.g. rock dowels or 
soil nails). Cut slopes can be subdivided into rock cut slopes or soil cut slopes 
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according to the parent materials of the slopes. Fill slopes are more gentle (usually 
<45。)，which are formed by filling soil and/or other materials to form a slope feature 
by repeated filling and compaction of the fill material with or without reinforcing 
elements. Retaining walls are structures supporting soil and/or rock. In Hong 
Kong, numerous types of retaining walls are used such as gravity retaining walls, 
cantilevered retaining walls and reinforced concrete retaining walls (GEO, 2000b). 
Man-made slopes are largely vulnerable to failures when compared with natural 
terrains, in which cut slopes are the most susceptible ones (Table 1.3). 
Natural s l o p e / f \ \ y X ^ S ^ ~ B o u l d e r 
ykC 
Ciitslope—v z ' - f / \ 
/ ^—Possible more gentle 
Original slope profile < , ‘ cutslope, with removal of 
\ nalural slope and mature vegetation 
Fill slope ~ < { t ifp J ' f 内 
？ y \ Slope nails commonly used to 
y * \ stabilise steep existing soil 
R e t a i n i n g ^ ^ ^ ― Road or cutslopes, without cutting back 
wall 、： 一 b u f l d m g platform 
Fig. 1.3 Type of slopes in Hong Kong (extracted from CEDD, 2006c). 
Table 1.3 Type of landslides reported to GEO in 2003 (extracted from CEP, 2004). 
Slope type Nubmer of landslides Percentage (%) 
Natural terrain 32 16 
Disturbed terrain 4 2 
Cut slope 137 68 
Fill slope 16 8 
Retaining wall 12 6 
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1.1.4 Slope stabilization 
Slope failures are often caused by processes that increase shear stresses (e.g. 
erosion, natural slope movement and human activity) or decrease shear strengths (e.g. 
nature of materials, changes in structure and changes caused by weathering and 
physicochemical activity) of the soil mass (Abramson et al., 1995). In general, slope 
stabilization methods include reducing driving forces, increasing resisting forces, or 
both. Driving forces can be reduced by excavation of material from the appropriate 
part of the unstable ground and drainage of water to reduce the hydrostatic pressures 
acting on the unstable zone. On the contrary, resisting forces can be increased by 
eliminating weak strata or other potential failure zones, draining that increases the 
shear strength of the ground, building retaining structures or other supports, providing 
in situ reinforcement of the ground (e.g. soil nailing) and chemical treatment 
(hardening of soils) to increase shear strength of the ground (e.g. cementing). 
Examples of methods of slope stabilization and their features are summarized in Table 
1.4. 
1.1.4.1 Conventional methods of slope stabilization 
Unloading is a technique which reduces the driving forces within a slide mass, 
while excavation is the most common type of unloading to increase the stability of a 
slope by reducing the driving forces that contribute to movements including removing 
of the head, removing all unstable or potentially unstable materials, flattening slopes 
and benching. In case where the construction of a conventional embankment can 
lead to slope instability, light-weighted fill materials (e.g. slag, encapsulated sawdust, 
shredded rubber tires and polystyrene foam) can be used to lessen the driving forces 
caused by the embankments (Abramson et al., 1995). 
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Table 1.4 Summary of methods of slope stabilization 
Slope stabilization Features 
Unloading Reduces the driving forces within a slide mass (e.g. excavation) 
Examples: removing the head, removing all unstable or potentially 
unstable materials, flattening slopes and benching 
Buttressing Counters the driving forces of a slope by an externally applied force 
system that increases the resisting force 
Examples: soil and rock fill, counterberms 
Retaining walls Resist overturning moments, internal shear forces，bending stresses, and 
sliding forces at or below its base 
Commonly used when there is insufficient space for the slope or when a 
cut or fill is required 
Soil nailing Provides in situ reinforcement on the ground in retaining excavations 
Stabilizes slopes as in situ, reinforced, soil retaining structures 
Generally consisting of steel bars, metal tubes or other metal rods 
Proper water Reduces the destabilizaing hydrostatic and seepage forces on a slope 
drainage The most important for correction or prevention of landslides 
Slope surface Prevents infiltration by rainfall to maintain a dry or partially dry slope 
protection Examples: chunam plaster, shotcrete, masonry blocks, rip-rap 
Biotechnical Use of natural inclusions to reinforce soil and stabilize slopes 
stabilization Consists of both structural-mechanical and vegetative elements in a 
complementary or integrated manner 
Vegetative component may include herbaceous and/or woody vegetation 
Inert component may include concrete, wood, stone and geofabrics 
Buttressing is a technique used to offset or counter the driving forces of a slope 
by an externally applied force system that increases the resisting force. Soil and 
rock fill, and counterberms are examples of buttressing. The former one is used to 
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provide sufficient dead weight near the toe of an unstable slope to prevent movement, 
while the latter is to provide weight at the toe of a slope and to increase the shear 
strength below the toe (Abramson et al., 1995). 
Retaining walls are commonly used when there is insufficient space for the slope 
or when a cut or fill is required. They contribute their stabilization function by 
resisting overturning moments, internal shear forces, bending stresses, and sliding 
forces at or below its base (Abramson et al； 1995). 
Soil nailing is an example of providing in situ reinforcement on the ground in 
retaining excavations and stabilizing slopes by creating in situ, reinforced, soil 
retaining structures. The reinforcement from soil nailing is generally consisting of 
steel bars, metal tubes, or other metal rods that resist shear stresses, tensile stresses 
and bending moments imposed by slope movements (Abramson et al., 1995). 
Proper water drainage is the most important for the correction or prevention of 
landslides of all stabilization techniques. Drainage can reduce the destabilizaing 
hydrostatic and seepage forces on a slope as well as the risk of erosion (Abramson et 
al； 1995). 
Slope surface protection aims to prevent infiltration by rainfall so as to maintain 
a dry or partially dry slope which includes application of chunam plaster, shotcrete, 
masonry blocks and rip-rap. As these measures are intended to provide an 
impermeable slope surface, consideration should be given to providing drainage of 
water from the slopes, which is normally done by drainage bedding or weep holes 
penetrating the surface. Chunam plaster is a cement-lime stabilized soil used as a 
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plaster to protect the surface of excavations from erosion and infiltration, which was 
developed in Hong Kong and has been extensively utilized locally as well as in 
southeast Asia for slope protection. Meanwhile, shotcrete，also as sprayed concrete, 
is a mortar or concrete conveyed through a hose and is projected at high velocity onto 
a surface under high pressure (Abramson et al., 1995). 
1.1.4.2 Biotechnical stabilization 
Apart from the conventional slope stabilization methods mentioned above, the 
use of vegetation is another important and effective mean of slope protection. Slope 
protection and erosion control methods can be classified into three main categories, 
namely, live construction, mixed construction and inert construction. Live 
construction entails the use of conventional plantings alone (e.g. grasses and shrubs). 
A dense, tight ground cover of vegetation greatly enhances the erosion resistance of 
soils and prevents surficial erosion. On the other hand, inert construction uses 
conventional structures alone (e.g. retaining walls，concrete facings, erosion control 
mats) for slope stabilization and erosion control (Gray and Leiser, 1989; Gray and 
Sotir, 1996). 
Biotechnical stabilization and soil bioengineering methods fall into the category 
of mixed construction. Biotechnical stabilization refers to the use of natural 
inclusions, living or inert, to reinforce soil and stabilize slopes. Biotechnical slope 
protection systems consist of both structural-mechanical and vegetative elements 
working together in a complementary or integrated manner. The inert component 
may include concrete, wood, stone and geofabrics (woven or non-woven geotextiles 
and geogrids made either from synthetic polymers or from natural materials such as 
jute and coir). Soil bioengineering is a more specific term referring primarily to the 
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use of live plants and plant parts. Live cuttings and stems are imbedded and 
arranged in the ground or in earth structures purposely, serving as soil reinforcements, 
hydraulic drains and barriers to earth movement. The live plant parts may also be 
used in conjunction with geofabrics. Vegetation can be used with inert structural or 
mechanical elements in various ways including the use of slope plantings in 
conjunction with low toe walls, the use of live plants as structural reinforcement or 
barrier to earth movement and the use of plants growing in the interstices of porous 
revetments and retaining walls (Gray and Leiser, 1989; Gray and Sotir，1996). 
Vegetation is an important element in biotechnical slope stabilization, which is 
not a cosmetic adjunct to the structure. The role of vegetation in stability and 
protection of slopes has been extensively discussed (e.g. Greenway et al., 1984; Lee, 
1985; Gray and Leiser, 1989; Coppin and Richards, 1990; Bayfield et al, 1992; Wu, 
1995; Abramson et al., 1996; Gray and Sotir, 1996). Herbaceous vegetation and 
grasses are effective in preventing surficial (rainfall) erosion. Plant foliage and 
residue intercept raindrops to absorb rainfall energy and prevent raindrop 
splash-induced soil detachment. The aboveground portions also retard velocity of 
runoff by increased surface roughness and filter sediment out of runoff. Meanwhile, 
root system physically binds and restrains soil particles, and maintains infiltration by 
maintaining soil porosity and permeability to delay the onset of runoff. Woody 
vegetation tends to prevent mass movements. The root system provides mechanical 
reinforcement by transferring shear stress in the soil to tensile resistance in the roots. 
Soil water is also depleted through evapotranspiraton and interception. In addition, 
the anchored and embedded stems provide buttressing and soil arching action to 
counteract downslope shear forces. Finally, the weight of woody vegetation 
provides surcharge to increase stability through increased normal stress on the failure 
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surface (Fig. 1.4). Although woody vegetation may also cause slope instability by 
surcharge, root wedging and windthrowing, the beneficial effects of root systems far 
outweigh any possible adverse effects (Gray and Leiser, 1989; Abramson et ai, 1996; 
Gray and Sotir, 1996). 
Rdinfafl interception 
I 
Evaporation 4 j 
Anchoring ami ’ 
“ buttressing by 1 V � 
tap-roots *ASrj?、 
(a) Hydrolopcal effects tb) Mechanical effects 
Fig. 1.4 Role of vegetation in slope stabilization (extracted from Coppin and Richards, 
1990). 
Vegetation is multifunctional, relatively inexpensive, self-repairing, visually 
attractive, and does not require heavy equipment for installation. Nevertheless, 
vegetation is susceptible to blight and drought. It is also difficult to get established 
on steep slopes (Gray and Leiser, 1989; Bayfield et al； 1992). Therefore, suitable 
vegetation species and planting techniques should be employed for different situations 
accordingly. 
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1.2 Situation in Hong Kong 
1.2.1 Slope protection in the past 
In Hong Kong, chunam was extensively used for surface protection on slopes in 
the past, but has largely been replaced by shotcrete for slope stability, which is more 
durable and can be applied on larger areas of slope surface. Besides, shotcrete is 
quicker and cheaper than chunam in terms of application (GEO, 1999 and 2000a). 
Although these hard surfaces have successfully protected the slopes from erosion, 
they are stony and visually unpleasant. Complaints have been made in the past by 
both the general public and senior Government officers, regarding the adverse visual 
impact of large cut slopes which have been covered with chunam or shotcrete (Works 
Bureau, 1993). In addition, the long-term effectiveness of these covers is not well 
studied. The effectiveness of chunam in preventing infiltration may decrease with 
age, while problems of drying and consequent shrinkage-cracking may occur for 
shotcrete application (GEO, 2000a). 
1.2.2 Government action on improving slope appearance 
In view of the visual unpleasantness of chunam and shotcrete surfaces, 
vegetation is increasingly used for slope protection and landscaping in the past two 
decades. Slope bioengineering has been used in the LPM Programme since the late 
1970s and the use of vegetation was promoted when the first technical guidelines on 
the use of grasses, shrubs and tress were published in the Geotechnical Manual for 
Slopes in 1984 (GEO, 1999). It is the Government policy to reduce the visual 
impact and enhance the environmental aesthetic by making man-made slopes 
compatible to the surrounding landscape under the LPM Programme. The GEO has 
made much effort to improve the slope appearance over the years, especially on 
establishing vegetation cover on upgraded slopes (Plate 1.4). 
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Plate 1.4 Vegetation establishment on upgraded man-made slope (adopted from 
CEDD, 2006c). 
To achieve the goal of slope appearance improvement, use of vegetation as slope 
surface cover and preservation of existing vegetation are the primary choices in 
forming new slopes and upgrading existing slopes wherever possible under the LPM 
Programme (GEO, 2004c). In order to help engineers to improve slope appearance 
in slope design, seven landscape design objectives have been set by GEO (2002): 
1) limit impacts on the natural environment 
2) fit with surrounding landscape or natural topography 
3) achieve naturalness 
4) maintain simplicity 
5) mitigate visual impact 
6) contribute to environmental sustainability 
7) aesthetically pleasing 
On the other hand, the use of hard surface covers such as chunam or shotcrete are 
considered only as a last resort on slope safety grounds and as emergency repairs to 
landslide scars. In case of the unavoidable use of a hard surface cover, mitigation 
measures such as graphic or wall painting design are introduced on the slope surface 
to make the slope more pleasing. In 2003, 68% of interviewee of a local survey 
commissioned by the GEO agreed that slope appearance is important. Meanwhile, 
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75% of those interviewed was satisfied with the slope appearance (GEO, 2004c). In 
2005，about 160,000 trees, shrubs, ground covers and climbers were planted on 
upgraded slopes. Study on the application of various vegetation species on 
man-made slopes has been on-going in order to expand the range of suitable 
vegetation species for landscape use in slope works (CEDD, 2006d). 
In order to provide a vegetation cover on slope surface, consideration must be 
given in planting the right type of vegetation according to slope angle. The GEO has 
suggested possible plantings on different categories of slopes (Table 1.5). For gentle 
slopes with gradients <35。，grass hydroseeding with pit planting of trees and shrubs is 
recommended. For steeper slopes (35�< 0 ^ 45。)，grass hydroseeding should be 
aided with erosion control matting. Shrub and tree plantings are also possible with 
extra cares. For slopes with even larger slope angles (450 < 0 < 60°)，wire mesh 
reinforcement has to be used in addition to erosion control matting. At such a steep 
gradient, shrubs and trees are not suitable and pit planting of groundcovers, climbing 
plants and ferns are suggested instead. For the last category of slopes (600 < 0 么 
90°), traditional planting methods are not suitable for such steep gradients and new 
methods including proprietary systems have to be used. 
Table 1.5 Planting opportunities on slope surface (GEO, 2002). 
Slope angle Possible planting on slope face 
G 幺 35� Grass hydroseeding with pit planting of trees and shrubs 
35�< G < 45� Grass hydroseeding with erosion control matting and pit 
planting of trees and shrubs 
4 5 � < 0 < 60o Grass mix with erosion control matting with wire mesh 
reinforcement and pit planting of groundcovers, 
climling plants and ferns 
60�< G 么 90� Use of new method including proprietary systems 
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1.2.3 Proprietary slope greening techniques 
Among the different types of slopes, steep cut slopes are most susceptible to 
failures. Conventional hydroseeding was not strong enough to protect the soils on 
slopes, while planting of trees and shrubs are unsuitable for such steep gradients. In 
addition, steep cut slopes are often protected by a hard surface cover (shotcrete or 
chunam), making hydroseeding on such surfaces impossible. In order to provide a 
live vegetation cover on such steep slopes, especially on hard surfaces to improve 
their aesthetic values, many greening products (so-called proprietary systems) are 
developed by different companies. These proprietary systems are claimed to have 
their unique formula to provide an instant and sustainable vegetation cover on slopes. 
In general, the proprietary systems consist of both software and hardware components. 
Software components may include soil, seed mix and fertilizer to provide vegetation 
growth. Hardware components such as wire mesh, steel anchor and erosion control 
mat are indispensable to provide mechanical support for the vegetation system layer 
so as to "hang" it on the slope. Standard grass mix (bermudagrass and bahiagrass) 
and a creeper, Wedelia trilobata are the two most common vegetations employed by 
the proprietary systems (Lui and Shiu, 2004). 
Currently, there are a number of proprietary systems in the local market that are 
applied on slopes with a hard surface cover. One of the common classification 
methods is given by Lui and Shiu (2004) according to their general characteristics and 
they are summarized in Table 1.6. 
Mulching system generally involves the application of one or more layers of soil 
mix or mulch hydraulically or by hand on slope surface. A layer of erosion control 
mat is covered on slope to protect the finished surface of the soil mix/mulch. Wire 
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mesh may also be used in a few products to reinforce the soil mix (Plate 1.5). 
Table 1.6 Locally available proprietary systems. 
Classes Properties Examples 
Mulching system One or more layers of soil mix or mulch Biocrete 
Covered by erosion control mat to protect Hong Kong Mulching 
finished surface NFY Hydro-Mulching 
Wire mesh to reinforce soil mix "On" Method 
Rocksgrass 
CMS-ML Green System 
Soil Panel 
Toyo-Mulching 
Cellular system Contains compartments of soil mix or Eco-link 
mulch Instant Evergreen System 
Pre-vegetated soil panels installed on NFY Hydro Planter 
slopes NFY Mulching Panel 
Terra Cell 
Reinforced soil Spraying of an layer of reinforced soil Geofiber 
mix (soil + synthetic fiber) 
Bioengineering Use of deep rooting characteristics of GW-Biodrains System 
method Vetiver grass to strengthen slopes 
Mulching system is more commonly used than the others; >60% of the slopes in 
the "Greening Methods on Slopes" database (a database containing information on the 
use of various proprietary greening techniques established since July 2002) are treated 
with mulching system. This technique is popular because it is easy and quick to 
install (Lui and Shiu, 2004). 
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Plate 1.5 Rocksgrass, an example of mulching system (adopted from Lui and Shiu, 
2004). 
Cellular system contains compartments of soil mix or mulch (Plate 1.6). A 
number of small pre-vegetated soil panels are installed on the slope surface. For 
reinforced soil, synthetic fiber, either biodegradable or permanent, is used to 
strengthen the soil mix. It involves the spraying of an in situ layer of reinforced soil 
over the shotcrete surface (Plate 1.7). GW-Biodrains, the single product classified as 
bioengineering method, involves the use of the deep geotropic rooting characteristics 
of Vetiveria zizanioides to strengthen the slope (Plate 1.8). 
Plate 1.6 Eco-link, an example of cellular system (adopted from Lui and Shiu, 2004). 
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Plate 1.7 Geofiber, an example of reinforced soil. 
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Plate 1.8 GW-Biodrains, an example of bioengineering method. 
1.3 Vegetation growth on slopes 
1.3 .1 Basic requirements of plants 
The healthy growth of plant must depend on its environmental requirements: soil 
and climate. Soil must possess a capacity of supporting the vegetation. The soil 
should be thick enough for normal root growth and development, and adequate water 
and nutrient storage. Good physical and chemical properties such as soil density, 
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compaction and pH are also responsible for supporting a healthy vegetation growth. 
The climatic factors which affect plant behaviour and performance include growing 
season, temperature, exposure and rainfall seasonality. In months of low rainfall, 
little water is supplied to soil and plant, hence drought may occur. On the other hand, 
when rainfall is adequate, runoff, soil loss and leaching of minerals may occur due to 
high erosivity of rainfall. 
Soil water is vitally important to plant growth as it supplies the water 
requirements of the plants (Rowell, 1994; Hillel, 1998). Water is essential for the 
growth of plants, which involves cell division and cell expansion. It provides the 
turgidity of plant cells and gives mechanical support to the plants. Without water, 
cells will become flaccid and the plants will wilt and die. Besides, water is 
important in many cell functions and processes of the plants such as photosynthesis. 
Apart from its importance on plants, soil water can also provide an environment for 
the microbial activity such as degradation of dead tissues to provide organic matter to 
the soil. Soil solution contains dissolved ions and molecules including nutrients for 
plants and microbial life. 
Nitrogen, phosphorus and potassium are the major plant nutrients that are 
required in large amount. Their roles on plant growth were described by Russell 
(1973)，McLaren (1990) and Landon (1991). Other elements such as calcium, 
magnesium and sodium are also required in moderate amount for plant growth. 
Plant development will be restricted in the absence of adequate amounts of nutrients 
in the soil (Bradshaw, 1983). Of all the mineral nutrients, nitrogen is the most 
important in most situations. It is the main limiting factor for plant productivity in 
most ecosystems. 
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1.3.2 Potential problems of the proprietary systems on shotcreted cut slopes 
1.3.2.1 Steep gradient 
Most of the slopes employed with proprietary systems have steep gradients 
(usually >60°). Steep slopes represent high risks of surface instability and high 
surface runoff (Coppin and Richards, 1990). Vegetation on steep slopes will be 
subjected to relatively greater stress due to the more extreme conditions, while the 
risks from slope failure and soil erosion will be correspondingly higher. Slope 
angles steeper than 30-34% are often difficult to revegetate and vegetation 
establishment is the most difficult at the upper part of a cut slope (Gray and Leiser, 
1989). It was reported that vegetation cover by natural colonization of road cuttings 
was greatest on gentle slopes and reduced when slope steepness increased (Bayfield et 
al., 1992). As the angle of the slope increases, the percentage of ambient rainfall 
which is received by the slope surface decreases (Helliwell，1995) and the amount of 
runoff increases (Albert et al； 1997). An increase in runoff means that rainfall 
reaching the slopes flows down the slope on the surface, leading to reduced 
infiltration of water into the soil. Therefore, soil water storage and subsequent water 
available for plant use will be limited. In addition, soil particles and mineral 
nutrients may also be lost in the runoff. This further reduces the fertility and storage 
capacity of the soil. 
1.3.2.2 Thin soil 
The proprietary systems possess thin substrate layers, generally ranging from 50 
to 100 mm (Lui and Shiu, 2004). These thin substrate layers may not provide 
enough space for root development and storage of water and nutrients. Shallow 
rooting depth is responsible for drought conditions and poor root development 
(Coppin and Richards, 1990). Shallow soils would counteract root activity (Schenk 
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and Jackson, 2002), while steep gradients and thin layers of soil of engineered slopes 
create an environment where plants are frequently under moisture stress (Ashcroft， 
1983). The handling and placement of soils within about 1 m of the final ground 
surface is critical to the ability of the soil profile to be exploited by plant roots and to 
its ability to provide the right water regime (Coppin and Stiles, 1995). Grasses are 
the most widely used vegetation on bioengineered slopes. About 60-80% of their 
root mass is found in the top 30 to 50 cm, which can penetrate up to about 1 m 
(Coppin and Richards, 1990 and Bayfield et al., 1992). Deeply rooted grasses grew 
better than shallowly rooted ones (Daly et al., 2000) because greater rooting depth can 
allow exploitation of water (Dawson et al., 2001). As the substrate thickness of the 
proprietary systems seldom exceeds 10 cm, water storage in soil and its exploitation 
by plant roots are very limited. 
1.3.2.3 Rainfall seasonality 
Apart from topographic slope gradients and inherent substrate thickness of 
proprietary systems, successful vegetation establishment on such systems is also 
dependent on climatic factors. Most slopes vegetated by proprietary systems are not 
equipped with irrigation systems. Regular watering, especially in dry seasons, is not 
carried out except the initial maintenance period. The only source of water for plant 
growth is rainfall. In winter, the combined effects of little rainfall and limited 
storage capacity of substrates will lead to drought problem. Water storage in soil 
profile is crucial for plants during dry periods, in which drought stress could be 
reduced by good water storage (Coppin and Stiles，1995). In contrast, runoff and 
erosion may occur on the substrates in the presence of prolonged heavy rainfall or 
thunderstorms in summer. This may lead to leaching of minerals and soil loss from 
slopes, which further reduces the fertility and storage capacity of the thin substrate 
25 
layers of the proprietary systems. Indeed, dieback of vegetation on proprietary 
systems in winter was commonly observed. Great reduction of vegetation cover on 
slopes was observed in a number of slopes (Chiu, 2004; Lui and Shiu, 2004; Lau, 
2005). These slopes may not be able to regenerate in the next growing season or the 
original vegetation are replaced by other invaded species. 
1.4 Current study 
1.4.1 Objectives 
In view of the problems of surface runoff and limited water storage capacity of 
the substrates of the proprietary systems, the current study aimed to investigate the 
relationship between soil moisture and vegetation growth. The objectives were: 
1) to assess the water status of the substrates of various proprietary systems and its 
seasonal variation, 
2) to examine the relationship between soil moisture and vegetation growth so as to 
see whether drought is a major cause of revegetation failure, and 
3) to study the surface runoff and soil loss of proprietary systems so as to assess the 
potential water storage and deterioration of substrates of the systems. 
1.4.2 Significance 
Due to the promotion of using vegetation in man-made slopes by the 
Government to improve slope appearance and the inherent difficulties of vegetation 
establishment on steep cut slopes, many proprietary systems are evolved with an 
attempt to provide green vegetation cover on such hostile environments. However, 
many of the techniques have been newly developed, and their ability to sustain 
vegetation growth in the long-term has not been fiilly established. Yet, there is a 
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paucity of literature and scientific research concerning the performance of these 
proprietary systems. Although various departments have carried out studies on the 
proprietary systems (HyD, 2003; Choi and Chau, 2004; Lui and Shiu, 2004)，they are 
mostly some observational projects on vegetation performance and species diversity. 
The relationship between soil moisture and the success of the proprietary systems has 
been overlooked. Recently, scientific research on substrate properties of and 
potential grass species for proprietary systems has been conducted by Chiu (2004) and 
Lau (2005). The current study can provide additional information on the water 
dynamic of them so that the complicated situation for the success of the proprietary 
systems can further be realized. 
Field observations showed that many proprietary systems failed to give 
satisfactory green coverage on slopes. Seasonal dieback of vegetation in winter was 
commonly observed, in which some of them might fail to regenerate in the next 
growing season. Chiu (2004) investigated the relationship between soil moisture and 
vegetation coverage of proprietary systems. This study attempted to further verify 
the relationship between soil moisture and vegetation growth on proprietary systems 
on cut slopes. 
1.4.3 Thesis layout 
The first experiment monitored the water content of the substrates and the 
growth of vegetation of some proprietary systems (Chapter 2). Substrate samples 
were also collected for other physical and chemical analyses. The information will 
be important in deducing whether drought is a major cause of failure of vegetation 
growth on proprietary systems. The information can also be used to suggest whether 
the type of substrate is suitable for the proprietary systems. 
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The second experiment investigated the effectiveness of the two most commonly 
employed vegetation on proprietary systems (standard grass mix and Wedelia 
trilobata) in reducing surface runoff and soil loss from the slopes (Chapter 3). The 
intrinsic susceptibility of the substrates to erosion can also be revealed. Through this 
study, the erosion control ability of the vegetation and substrates can be understood. 
The conceptual framework of the whole study is shown in Fig. 1.5. 
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Fig. 1.5 Conceptual framework of the study. 
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Chapter 2 Soil water status and vegetation of cut slopes 
2.1 Introduction 
A number of proprietary systems are available currently to improve the aesthetics 
of shotcreted cut slopes by "hanging" a vegetation system layer onto the slopes. 
However, the steep gradients contribute to high risks of surface instability and high 
surface runoff (Coppin and Richards, 1990). When rainfall reaches a slope, certain 
amount is lost by direct evaporation, evapotranspiraton of plants and surface runoff. 
Only the remainder can infiltrate into the soil as subsurface moisture (Evans and Lam, 
2003). Thus soil water retention on steep slopes for plant uptake is limited. In 
addition, thin substrate layers of the proprietary systems represent a limited room for 
storage of water. As regular irrigation of the slopes is not a common practice by 
contractors (except the initial maintenance period), the proprietary systems may be 
prone to drought in dry seasons. 
Water availability is one of the major factors limiting the growth of plants. 
Under water shortage, plants may undergo a series of physiological and biochemical 
changes, including increase and reallocation of abscisic acid (a plant hormone 
regulating metabolism and stomatal behaviour under water stress), closure of stomata 
and decrease in photosynthesis (Freitas, 1997). Pot experiments regarding the 
responses of plants during drought conditions were investigated extensively. Under 
water stress, stomatal conductance is decreased (Carvalho et al., 1998; Pimentel et al., 
1999; Nogues and Baker, 2000; Shah and Paulsen, 2003) to restrict water loss through 
transpiration and reduce internal CO2 concentration, leading to reduced CO2 
assimilation rates (Souza et al., 2004) and photosynthesis (Colom and Vazzana, 2003; 
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Shah and Paulsen, 2003; Ogaya and Penuelas, 2004; Miyashita et al., 2005). 
Vegetation cannot sustain their growth in droughty conditions and thus gives a low 
cover (Kershaw et al； 1994). Subsurface moisture has strong effect on seedling 
emergence and survival (Woods and Morris, 1990). It was found that number of 
seedlings in wet site was >20 fold greater than in dry site, with a survival rate 
approaching zero in the latter. Insufficient moisture not only affects the growth of 
individual plants, but also the community. Plants may die from moisture shortage 
and may be forced out of the area by competition with more adapted species (Freitas, 
1997). Species richness was concentrated in sites with high soil moisture (Wood and 
Moral, 1988). Tilman and Haddi (1992) found a 37% decrease in species richness 
and a 47% drop in aboveground living plant mass during a drought on different 
grasslands. 
Rainfall is the major source of soil moisture for plants in the absence of irrigation. 
Thus, vegetation establishment is limited by seasonal drought. Precipitation allows 
germination of herbaceous species in the first two weeks after hydroseeding (Andres 
and Jorba, 2000). Seedling development and biomass production increased 
accordingly with high rainwater supply (Sheldon and Bradshaw, 1977; Silvertown et 
al.，1994; Diaz et al., 1997). Species richness is also positively correlated with 
cumulative precipitation (Tilman and Haddi, 1992). The single most important 
requirement for satisfactory initial plant establishment is adequate moisture. 
Inadequate moisture can result in failure of hydroseeding works (Bayfield et al., 
1992). Therefore, watering is required if the vegetation works are carried out during 
dry seasons (Toyo Greenland, 2006) as growth of seedlings are significantly 
positively correlated with irrigation (Harrington, 1991; Herr et al； 1999; Hau and 
Corlett, 2003). Qian and Fry (1996) reported that shoot growth of frequently 
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watered grass was faster than that of infrequently watered ones. 
The availability, movement and storage of soil moisture depend mainly upon 
land characteristics (e.g. soil, topography and vegetation cover) and meteorological 
parameters (e.g. precipitation and evapotranspiration). In Hong Kong, only 6% of 
the annual rainfall falls between November and February (Table 1.1). Vegetation 
can easily die from drought during the dry winter. Seedling growth can be impaired 
significantly by seasonal drought (Hau and Corlett, 2003). Andres and Jorba (2000) 
found that ground cover was the highest in month of high rainfall and fell during a 
summer drought contrarily. The chance for drought occurrence cannot be 
overlooked even in rainy season. Qian et al. (1997) found that zoysiagrass exhibited 
leaf firing after 15 days with no precipitation. In Hong Kong, even a week without 
rain under the heat of summer can lead to the failure of hydroseeding work (Ashcroft， 
1983). Indeed, seasonal dieback of vegetation was observed on many slopes in 
winter, which may or may not regain their greenness in next growing season (Plate 
2.1). Substantial signs of seasonal browning of vegetation were observed on all or 
most of the investigated slopes for nine of the fourteen studied proprietary systems 
(HyD, 2003). Lui and Shiu (2004) found a reduction in total exposed vegetation 
cover on five of the seven slopes between seasons for NFY Mulching Panel, 
indicating gradual vegetation dieback in the winter dry season. Green coverage of 
17 slopes from 9 greening techniques also declined significantly by >50% from wet to 
dry season generally (Chiu, 2004). Lau (2005) also observed that there was a 
general reduction in green coverage of 12 investigated slopes from NFY 
Hydro-Mulching and Toyo-Mulching in winter. Although winter dieback of 
vegetation was observed in these studies, the relationship between soil moisture and 




H H n H B S B H ^ H H i l l ^ H ^ B ^ H H H I mmmm 
Plate 2.1 Seasonal recession of vegetation on slopes: summer (left); winter (right). 
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In order to investigate the moisture-plant relationship, 4 slopes from 4 
proprietary systems were studied. They are Rocksgrass, Toyo-Mulching, NFY 
Mulching Panel and Geofiber. The former two techniques belong to mulching 
system, while NFY Mulching Panel and Geofiber belong to cellular system and 
reinforced soil, respectively. All are commonly used proprietary systems. 
Toyo-Mulching and Rocksgrass are better techniques to provide good vegetation 
under mulching system, while Geofiber is successful in terms of vegetation coverage 
and health (HyD, 2003; Lui and Shiu, 2004). 
This study aimed at looking into the relationship between soil moisture and the 
performance of vegetation on slopes to deduce whether drought is a major factor 
causing failure of vegetation growth on proprietary systems. This was achieved by 
continuous soil moisture monitoring and examining the physical and chemical 
properties of substrates, nutrient dynamics, green coverage and species cover in wet 
and dry seasons. The information obtained could be used to reflect on the 
susceptibility of proprietary systems to drought problem and to suggest suitable 
substrate properties and management to maintain good vegetation growth. The 
conceptual framework of this study is shown in Fig. 2.1. 
^ . . :.:••.”:.::.:,:..] 
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Soil moisture Species cover 
monitoring on slopes 
Substrate physical Substrate chemical 
properties e.g. soil water properties e.g. organic 
retention, available matter, nutrient content 
water capacity 
I r j j j 
Green coverage on slopes 
i f 
Whether drought is a major cause of 
vegetation failure on proprietary systems 
Fig. 2.1 Conceptual framework of Experiment 1. 
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2.2 Materials and methods 
2.2.1 Study site 
Four slopes from four different proprietary systems located at Residence Road on 
the campus of The Chinese University of Hong Kong were selected (Plate 2.2). 
They are Rocksgrass, Toyo-Mulching, NFY Mulching Panel and Geofiber. The 
former two techniques belong to mulching system, while NFY Mulching Panel and 
Geofiber belong to cellular system and reinforced soil, respectively. 
^ o m ^ ^ s ^ M ^ ' W ^ ‘ 1 S l i r ^ M i i k h i n g • 
Plate 2.2 Experimental slopes at Residence Road, The Chinese University of Hong 
Kong(llNE-C/C2). 
Rocksgrass has been used on slopes with angles up to 80°. A 100 mm thick 
composite layer interbedded with soil and 5 layers of mats is applied onto slope 
surface by hand (Fig. 2.2). The composite layer is anchored on the slope with steel 
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rods. The finished slope surface is planted with standard grass mix of Cynodon 
dactylon (bermudagrass), Paspalum notatum (bahiagrass) and Lolium perenne 
(perennial ryegrass), with or without Wedelia trilobata. 
Twoky麵f X^yJ" / ~ 
degradable erosion 
control mats ——^^^ J ^ ^ / X ^ Soil 
10 mm dmrntict steel bar —^ 
noted on site \ A ^ W ' ^ 鉍 s p r a y e d 
yW concrete 
A layer of polyester grid 4^¾^¾¾ y 
net with 3J mm net eyes — � \ B mm diameter 
^ ^ ^ . steel rod with 50 mm to 
Two layers of 浏讓咖beddment 
Boo-degradable '/ 
erosioa contral mats —^  风 c o i l s of PVC pipes 
1 Fl ...* 
Fig. 2.2 Typical cross-section through Rocksgrass (extracted from Lui and Shiu, 
2004). 
Toyo-Mulching can be applied on slopes with a maximum angle of 80°. A layer 
of 3-D PVC coated wire mesh is fixed on slope surface by steel anchors and 
sub-anchors (Fig. 2.3). Soil-Factor (grass seeds, water retaining polymer, fertilizer 
and binding agent) is then hydro-mulched on the wire mesh to a thickness of 50 mm 
(Plate 2.3). For slopes steeper than 45。，fertilizer strips will be installed on the wire 
mesh before spraying (Plate 2.4). The finished surface is covered by a layer of 
degradable erosion control mat. Bermudagrass and bahiagrass are applied at a rate 
of 15 g/m2 and 10 g/m2, respectively. Wedelia trilobata may also be planted in 
planter holes through the sprayed cover layer. 
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3-D PVC coated wire mesh 
Degradable Anchor 
痛ion X j ^ / \ 16 m m 
control mat 入 diameter 
一一一一飞 严^^^ 一 - 一 一 Saib-«iicbor 8 mm diameter 200 mm long 
‘» M 
Fig. 2.3 Typical cross-section through Toyo-Mulching (extracted from Lui and Shiu, 
2004). 
Plate 2.3 Spraying of soil factor mix on wire mesh for Toyo-Mulching. 
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Plate 2.4 Installation of fertilizer strips for Toyo-Mulching. 
For NFY Mulching Panel, gabions of 400 mm x 400 mm x 75 mm containing 
mulching mix are mounted onto slope surface by dowels (Fig. 2.4 and Plate 2.5). 
Each panel is planted with standard grass seeds (bermudagrass, bahiagrass and 
perennial ryegrass at 15 g/m2, 10 g/m2 and 5 g/m2, respectively) or climbers. The 
panels are pre-grown before installation to give an instant effect to the slope. 
A 
Gabion of size 
400 mm x 400 mm x 75 mm thick A ^ ^ ^ ^ ^ l r 
filled with mulching mix 




Fig. 2.4 Typical cross-section through NFY Mulching Panel (extracted from Lui and 
Shiu, 2004). 
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Plate 2.5 Example ofNFY Mulching Panel (adopted from Lui and Shiu, 2004). 
Geofiber can be employed on slopes with angles up to 70�. It involves spraying 
of a fiber-soil mixture made up of polyester fiber and rock fines onto slope surface 
through two separate high-pressure ejectors to form a layer of reinforced soil with a 
thickness of 200 mm (Fig. 2.5 and Plate 2.6). A layer of wire mesh is placed on top 
of the Geofiber body by anchorage pins. The surface is then covered by a layer of 
30 mm thick vegetation base which is a mixture of seeds, fertilizer and mulch (Plate 
， - ， 
2.7). Bermudagrass (15 g/m ) and bahiagrass (10 g/m ) are employed in the seed 
mix, while creepers (e.g. Wedelia trilobata, Lantana montevidenssis) and shrubs (e.g. 
Rhododendron pulchrum, Duranta repens) may also be used. In recent practice, the 
company omits the use of vegetation base, and hydroseeding is applied on Geofiber 
body directly for new Geofiber slopes. 
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Fig. 2.5 Typical cross-section through Geofiber (extracted from Lui and Shiu, 2004). 
m-
Plate 2.6 Installation of the Geofiber body. 
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Plate 2.7 Old practice of Geofiber with vegetation base at the top. 
The selection criteria were based on the accessibility, location, slope size, slope 
angle and aspect. The accessibility to the slopes was of prime importance for the 
ease of long term monitoring as described in Section 2.2.2. The four slopes were at 
the same location with similar size, inclination and the same aspect so that the effects 
due to environmental variations of the site could be minimized. All the selected 
slopes were shotcreted and were originally planted with Wedelia trilobata. The 
details of the studied slopes are shown in Table 2.1. The slopes were inspected twice 
a week from January 2004 to January 2005. Soil samples were collected for 
laboratory analysis in summer 2004 and the subsequent winter. Meteorological 
information was obtained from the Automatic Weather Station of the Department of 
Geography and Resource Management on the CUHK campus, located <1 km from the 
study site. 
Table 2.1 Information of the experimental slopes at Residence Road. 
Proprietary system Slope angle (°) Substrate thickness (cm) Date of completion 
Rocksgrass 58.4 7.30 August, 1998 
NFY Mulchign Panel 64.7 23.3 January, 2001 
Geofiber 62.4 20.6 August, 2001 
Toyo-Mulching 5^6 6.90 July, 2001 
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2.2.2 In situ measurements and substrate sampling 
In situ measurements of physical properties were carried out at 10 random points 
for each slope. Substrates were also sampled at 10 points for laboratory physical and 
chemical properties analyzes. Soil moisture was monitored twice a week, while 
other in situ measurements and substrate sampling were carried out in the summer and 
winter of 2004. For Geofiber, substrate sampling was divided into ‘Vegetation base' 
and 'Geofiber body' due to the change of practice in 2005 after which there was only 
the Geofiber body for new Geofiber slopes. This change allowed us to examine the 
difference of the two dominating substrates. 
2.2.3 Physical properties of substrates on slopes 
2.2.3.1 Slope angle 
Slope angle was determined with a Tajima Slant 100 rotary dual-scale angle 
meter. 
2.2.3.2 Substrate thickness 
Substrate thickness was measured with a ruler with the aid of a rod in case of 
slope with a hard substrate. 
2.2.3.3 Soil moisture 
Volumetric soil water contents of the proprietary systems were measured twice a 
week and after rainfall by a time domain reflectometer (TDR) (Soilmoisture, Santa 
Barbara, US). 
2.2.3.4 Soil texture 
The soil samples collected were pooled together proportionally to form a bulk 
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sample and there were three composite samples in total. The soil texture was 
determined by the hydrometer method (Gee and Bauder, 1986) which measures the 
decrease in density of the suspension as particles settle. Fifty grams of 2 mm 
air-dried sample was mixed with Calgon's reagent and ultra pure water by a high 
speed stirrer. The mixture was then transferred to 1 L measuring cylinder and made 
up with ultra pure water. Readings were taken by Bouyoucos soil hydrometer at 4 
minutes 48 seconds for silt and clay contents and at 5 hours for clay content. The 
percentages of sand, silt and clay were calculated and the texture was classified 
according to the soil textural classes of the International Society of Soil Science. 
2.2.3.5 Bulk density 
Soil samples were collected by core of known volume. The soil collected was 
oven-dried at 105°C to determine the dry weight. The bulk density was calculated 
by dividing the dry weight by the volume of the core. For 'Geofiber body', soils 
were collected and repacked in crucible rather than the core sampling method. 
2.2.3.6 Water retention capacity 
Air-dried 2 mm sieved samples were used to fill up the rings on the ceramic 
pressure plate cell. The samples were saturated with water and stand overnight. 
Pressures (0, 0.1，0.3, 3, 5 and 15 bars) were applied by a Soilmoisture Pressure Plate 
Extractor (Soilmoisture, Santa Barbara, US) to drain water out of the samples until 
equilibrium. Moisture contents of the drained samples were then determined 
gravimetrically. 
2.2.4 Chemical properties of substrates on slopes 
2.2.4.1 pH 
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Ten grams of 2 mm air-dried soil was shaken with 25 ml of ultra pure water 
(1:2.5 w/v) for 10 minutes. The mixture was allowed to stand for 30 minutes before 
measurement of pH by a Jenway 4330 pH and conductivity meter. 
2.2.4.2 Conductivity 
The sample used for pH measurement was also used to determine conductivity 
by a Jenway 4330 pH and conductivity meter. 
2.2.4.3 Organic matter 
Organic matter was determined by partial wet combustion method (Schinner et 
al., 1995). Appropriate amount (0.5-2 g) of 2 mm air-dried soil was put into 100 ml 
volumetric flask. Organic matter in soil was oxidized by treatment with a mixture of 
potassium dichromate solution and concentrated sulfuric acid. The mixture was 
allowed to stand for 2-3 hours. It was then diluted to volume with ultra pure water 
and allowed to stand overnight. Soil organic matter content was determined by 
measuring extinction of sample at 570 nm with a Milton Roy Spectronic 601 
spectrophotometer. 
2.2.4.4 Total Kjeldahl nitrogen 
Approximate 0.5 g of 2 mm air-dried soil was digested at 380�C by concentrated 
sulfuric acid with copper sulfate as catalyst. The digested sample was diluted and 
the total nitrogen content was then determined by a SANplus Automated Ion Analyzer 
(Skalar, Breda, The Netherlands). 
2.2.4.5 Mineral nitrogen (ammonium and nitrate) 
Five grams of 2 mm air-dried soil was extracted with 2 M potassium chloride by 
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shaking for one hour. The solution was filtered through Whatman 42 filter paper and 
the content was then determined by a SANplus Automated Ion Analyzer (Skalar, Breda, 
The Netherlands). 
2.2.4.6 Carbon:Nitrogen 
The ratio was determined mathematically by dividing organic carbon content 
(organic matter x 0.58) by the % ofTKN in the sample. 
2.2.4.7 Total phosphorus 
The sample used for TKN measurement was also used to determine the total 
phosphorus content by a SANplus Automated Ion Analyzer (Skalar, Breda, The 
Netherlands). 
2.2.4.8 Available phosphorus 
Five grams of 2 mm air-dried soil was extracted with Truog's reagent (0.001 M 
H2SO4) by shaking for 30 minutes. The solution was filtered through Whatman 42 
filter paper and the content was then determined by a SANplus Automated Ion 
Analyzer (Skalar, Breda, The Netherlands). 
2.2.4.9 Major extractable cations 
Five grams of 2 mm air-dried soil was extracted with 1 M ammonium acetate at 
pH 7 by shaking for 1 hour. The solution was filtered through Whatman 42 filter 
paper and the cations of potassium, calcium, magnesium and sodium were determined 
by an Atomscan 16 Inductively Coupled Plasma - Atomic Emission Spectrometer. 
2.2.5 Green coverage on slopes 
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A photo of the slope was taken using a digital camera and the green coverage 
was calculated by desktop analysis using Adobe® Photoshop® CS and AutoCAD® 
Release 14. With Photoshop, the whole slope was first outlined. Then the green 
colour of vegetation was converted to white and the remaining parts of the slope were 
converted to black. This was then converted to a format readable by AutoCAD. 
AutoCAD divided the photo into numerous grids, and the green coverage was 
determined by calculating the percentage of the white grids. 
2.2.6 Statistical analysis 
The data were processed by SigmaStat for Windows Version 3.11. Means and 
standard deviations were calculated. The differences among sites and between 
seasons were tested by one-way ANOVA and t-test，respectively. Correlation 
analysis was also carried out to examine the relationships between different 
parameters. 
2.3 Results 
2.3.1 Rainfall characteristics 
A total of 1,417 mm rainfall was recorded during the study period from January 
2004 to January 2005 (Fig. 2.6). The total rainfall recorded during the thirteen 
months was much lower than the mean annual total rainfall of 1,897 mm for the past 
ten years (Table 2.2). Wet season and dry season are normally defined from June to 
September and from November to February, respectively. In 2004，there was an 
abnormally dry October in which only 3.6 mm rainfall was recorded compared with 
the mean of 141 mm. Dry season (2004-2005) was then defined from October to 
January in this study. The total rainfall recorded in dry season this year (9.2 mm) 
was extremely lower than the mean seasonal total of 125 mm. 
47 
450 r Rainfall 1 35 
400 L Temperatuie 
•
. :-\ 20 I 
夏 r 
- , • I • I • I o 
J F M A M J J A S O N D J 
Fig. 2.6 Rainfall and temperature recorded by the Automatic Weather Station during 
the study period (January 2004 - January 2005). 
Table 2.2 Rainfall pattern from 1994 to 2003 (extracted from HKO). 
Rainfall (mm) 
1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 Monthly mean 
Jan 0.0 21.1 1.3 44.6 48.9 4.5 70.3 47.6 25.0 21.7 31.7 
Feb 50.5 33.1 27.2 111.7 153.7 0.0 27.6 10.9 4.6 15.1 42.7 
Mar 26.5 32.4 83.1 34.8 55.3 23.6 40.9 56.5 238.7 38.6 67.1 
Apr 6.0 76.3 228.7 133.2 237.1 176.9 547.7 133.0 12.4 84.5 181.1 
May 183.7 20.8 313.9 300.8 335.2 177.8 208.3 162.0 275.6 249.0 227.0 
Jun 290.2 243.9 404.0 783.6 814.5 197.4 443.3 1083.6 237.6 523.5 525.7 
Jul 1147.2 668.7 230.3 746.0 267.2 203 8 304.0 656.4 320.8 101.8 388.8 
Aug 597.6 1090.1 308.3 829.0 245.4 892.0 600.7 318.9 365.9 415.0 562.8 
Sep 298.9 81.4 604.0 232.9 230.9 365.7 152.6 563.3 723.0 394.0 372.0 
Oct 2.2 476.9 44.8 112.8 133.9 38.8 204.1 10.7 199.0 48.6 141.1 
Nov 0.2 1.8 3.5 7.1 28.8 15.7 96.8 4.3 23.3 50.1 25.7 
Dec 122.6 7.9 0.0 6.5 13.7 32.9 56.0 44.6 64.1 0.0 25.1 
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2.3.2 Soil moisture 
Monthly moisture contents of proprietary systems and their relationships with 
rainfall are shown in Table 2.3 and Fig. 2.7. Soil moisture of the proprietary systems 
was affected by the amount of rainfall to a very great extent (Fig. 2.7). In months 
with higher rainfall (May, July and August), higher soil moisture was recorded 
accordingly for all proprietary systems. In contrast, low or negligible amount of soil 
moisture was recorded in months with low rainfall (October to January). Significant 
correlation between rainfall and soil moisture was found for all proprietary systems 
(Fig. 2.8). In general, soil moisture was over 10% in wet season, but less than 2% in 
dry season for most systems. Toyo-Mulching had the highest moisture content 
among the proprietary systems. 
Table 2.3 Monthly soil moisture of the proprietary systems. 
Soil moisture (%) 
Rocksgrass NFY Mulching Panel Geofiber Toyo-Mulching 
Jan 5.8(1.9) 4.4 (2.9) 4.2(1.3) 4.5(3.3) 
Feb 9.6(5.1) 7.3(5.3) 4.7 (2.5) 18.7 (9.0) 
Mar 1.6(0.2) 1.8(0.2) 3.8(0.4) 4.1(0.9) 
Apr 9.8(3.8) 9.8(4.4) 8.4 (2.5) 21.3 (2.9) 
May 9.8(3.3) 11.6(2.7) 11.5(3.6) 24.4 (2.8) 
Jun 6.2 (3.4) 8.7 (2.3) 7.7 (2.4) 15.9(7.0) 
Jul 13.1 (4.7) 12.6(5.0) 14.3 (3.8) 23.8 (5.6) 
Aug 11.1(4.9) 13.4(6.7) 11.6(3.4) 21.7 (6.0) 
Sep 9.2 (4.3) 11.0 (5.0) NA 16.6(6.0) 
Oct 2.3(0.8) 2.5 (0.8) NA 2.4(1.0) 
Nov 2.1(0.3) 2.0 (0.3) NA 2.1(0.3) 
Dec 0.4 (0.2) 0.4(0.2) NA 0.3 (0.2) 
Jan 0.6 (0.7) 0.3 (0.2) NA 0.3 (0.2) 
Values in brackets represent standard deviation 
NA: data not available due to vegetation removal by contractor on the slope 
TDR gives readings to 1 decimal place 
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Fig. 2.8 Correlation between rainfall and soil moisture of the proprietary systems. 
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2.3.3 Green coverage 
Green coverage of the proprietary systems was estimated three times, including 
twice in dry season and once in wet season (Table 2.4). All the proprietary systems 
showed an increase in green coverage in summer 2004 and a subsequent decrease in 
winter (Plate 2.8). In summer, all the proprietary systems showed a high green 
coverage. NFY Mulching Panel and Toyo-Mulching even reached 90% green 
coverage. The green coverage then declined dramatically in the following winter, to 
lower than 5% for NFY Mulching Panel and Toyo-Mulching. Green coverage of 
Geofiber was not estimated in winter 04-05 because the vegetation had been removed 
by the contractor for maintenance purpose. 
Table 2.4 Seasonal green coverage of the proprietary systems. 
Green coverage (%) 
Proprietary system Dry 04 Wet 04 Dry 04-05 
Rocksgrass 40.7 76.0 22.2 
NFY Mulching Panel 16.7 90.0 2.85 
Geofiber 0.41 86.2 NA 
Toyo-Mulching 43A 907 ^06 
NA: data not available due to vegetation removal by contractor on slope 
Green coverage of the proprietary systems was affected by soil moisture (Fig 
2.9). When soil moisture was increased in summer, green coverage boosted to high 
value of nearly 90% for most systems. Subsequently, green coverage declined 
dramatically to about 20% for Rocksgrass and below 5% for NFY Mulching Panel 
and Toyo-Mulching when soil moisture was reduced to below 1.5% for all systems. 
The seasonal change of green coverage continued and seemed to be cyclic. Green 
coverage in the following summer (2005) and the subsequent winter showed similar 
trends with the previous year, although soil moisture was not monitored for these two 
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Plate 2.9 Seasonal change of green coverage (Left: 21st Jul 2005; Right: 21st Feb 
2006). 
2.3.4 Physical properties of substrate on slopes 
Substrates of all proprietary systems belonged to sandy loam except the 
'Geofiber body', which belonged to loamy sand (Table 2.5). 'Geofiber body' had 
relatively high sand content (85.4%) and low silt and clay contents (14.6%). On the 
other hand, the others had similar content of sand (74%-79%) and silt and clay 
(22%-26%). 
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Table 2.5 Texture of substrates of proprietary systems (mean of 3 replicates). 
Proprietary system Sand (%) Silt (%) Clay (%) Texture 
Rocksgrass 74.0 (0.00) 11.8 (0.00) 14.2 (0.00) Sandy loam 
NFY Mulching Panel 78.5 (3.32) 9.33 (3.14) 12.2 (2.00) Sandy loam 
Geofiber (V egetation base) 
Geofiber (Geofiber body) 
Toyo-Mulching 
74.6 (2.14) 12.5 (1.85) 12.9 (1.15) 
85.4 (0.00) 8.40 (0.00) 6.20 (0.00) 
74.1 (1.15) 1S.1 (2.31) 10.8 (1.15) 




Bulk density of substrates of prpprietary systems remained more or less the same 
in both seasons generally except Rocksgrass and the 'Vegetation base' of Geofiber, 
which showed significant reductions in winter (Table 2.6). Toyo-Mulching had the 
lowest bulk density with mean value of 0.26 g/cm3, while Rocksgrass and 'Geofiber 
body' had relatively higher bulk density (Fig. 2.10). 
Table 2.6 Bulk density of proprietary systems (mean of 1 0 replicates). 
Bulk density (g/cm3) t-test 
Proprietary system 
Rocksgrass 
NFY Mulching Panel 
Geofiber (Vegetation base) 
Geofiber (Geofiber body) 
Toyo-Mulching 
Wet 04 Dry 04-05 
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Fig. 2.10 Bulk density of proprietary systems (different letters represent significant 
difference by one-way ANOVA: Tukey test, p<0.05) 
Water retention capacity of substrates was measured at six different suctions (Fig. 
2.11). Toyo-Mulching retained the most water at all suctions, followed by 
‘Vegetation base' of Geofiber and NFY Mulching Panel. In contrast, soil-based 
substrates (Rocksgrass and 'Geofiber body') retain relatively less water than the 
mulch-based ones. In addition, mulch-based substrates had higher available water 
capacity and respective field capacity and permanent wilting point (Fig. 2.12). 
Mulch-based substrates had available water capacity of >20%, while it was only about 
11% and 7% for Rocksgrass and 'Geofiber body', respectively. 
2.3.5 Chemical properties of substrate on slopes 
All slopes had their substrates slightly acidic pH and were within the suggested 
optimal range (Landon, 1991) except ‘Geofiber body' of Geofiber, which was slightly 
alkaline (Table 2.7). There was generally no significant seasonal difference of pH 
between slopes. Electrical conductivity of slopes ranged from 0.05 to 2.60 ms/cm in 
summer, while all slopes showed an increase in conductivity in winter. Organic 
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Fig. 2.11 Water release characteristics (0，0.1, 0.3, 3，5, 15 bars) curves of different 
proprietary systems. 
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matter contents were similar in the two seasons for all slopes. Mulch-based 
substrates had much higher organic matter (>20%)，with Toyo-Mulching the greatest 
(>30%). Soil-based substrates contained only about 2% organic matter (Fig 2.13). 
3 5 r a 
30 - r r v i 
S 25 - . ab 
S b _ _ 
S 20 - ^mm • _ _ 
a 續 
¢5 10 f腦 mm 纛 _ 
l i l l _ _ _ _ 
5 - c w m W00A c 
0 mmm , lr4Mi , . WMM , , 
Rocksgrass NFY Mulching Geofiber Geofiber Toyo-Mulching 
Panel (Vegetation base) (Geofiber body) 
Fig. 2.13 Organic matter of proprietary systems (different letters represent 
significant difference by one-way ANOVA: Tukey test, p<0.05). 
Total Kjeldahl Nitrogen (TKN) of the slopes ranged from 0.2% to 0.8% (Table 
2.8). All had TKN contents higher than the suggested optimal level (Landon, 1991) 
and did not show a seasonal difference in general. Mulch-based substrates 
generally had higher TKN than soil-based ones. The slopes had low or 
undetectable amount of NH4 content except NFY Mulching Panel and the 
'Vegetation base' of Geofiber, although they were below the optimal level suggested 
by Landon (1991). NFY Mulching Panel showed a seasonal difference in NH4 
content and it was higher in winter. The trend of NO3 contents was similar to that 
of NH4, in which NFY Mulching Panel had the highest NO3 content and was above 
the optimal level. Its content was higher in winter than in summer while 
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‘Vegetation base' had also relatively higher NO3 content. The others slopes had 
low or negligible NO3 contents. 
All slopes had a total P content within the Landon's optimal level except 
Rocksgrass (Table 2.8). 'Vegetation base' of Geofiber had the highest total P 
content，which was three times higher than the suggested highest optimal level. 
NFY Mulching Panel had higher total P in winter than in summer. Low or 
undetectable amounts of available P were observed for all slopes. 
Available cation contents were sufficient in all slopes. Most of them were 
within Landon's optimal range (Table 2.9). Mulch-based substrates generally had 
higher available cation contents than soil-based ones. Toyo-Mulching had a 
relatively higher K+ content, which was above the suggested level. It also showed 
an increased K+ in winter. All slopes except Rocksgrass had Ca2+ well above the 
Landon's optimal range. They did not show seasonal change, except Rocksgrass 
， I 
which had higher Ca content in winter. Magnesium was sufficient and was 
relatively higher in mulch-based slopes. Na levels were higher than the optimal 
levels suggested by Landon. Higher Na+ was observed in winter for Rocksgrass 
and Geofiber. 
2.4 Discussion 
2.4.1 Soil moisture and vegetation growth 
Of the total precipitation of 1,417 mm recorded from January 2004 to January 
2005, 926 mm fell in the wet season from June 2004 to September 2004. On the 
other hand, 106 mm of rainfall was recorded in the dry period from January 2004 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2005. As rain precipitation is the major source of water received by the slopes, soil 
moisture of all the 4 proprietary systems fluctuated accordingly with rainfall amount 
over the study period. In summer 2004, soil moisture was generally above 10% for 
all proprietary systems when rainfall was adequate. Toyo-Mulching even showed 
water content of >20% in July and August. However, when negligible amount of 
rain (9.2 mm) fell in the subsequent winter, soil moisture reduced drastically to 
<1.5% for all the slopes. Water content in the substrates even reached values of 
<1% in December and January. There were significantly positive correlations 
(R>0.7) between rainfall and soil moisture of the substrates for all the slopes. Chiu 
(2004) also proved that rainfall was the major source of soil water for proprietary 
systems, and soil moisture of substrates on 4 slopes of Toyo-Mulching and Geofiber 
changed in accordance with rainfall amount. The temporal and spatial dependence 
of soil moisture on precipitation was also observed in other ecological sites such as 
basin and watershed (Farrar et al., 1994; Mora and Iverson, 1998; Pandit, 1999; 
Ceballos et al., 2002). Therefore, rainfall may be an indirect indicator of soil water 
content. 
Green coverage was examined to evaluate the growth of vegetation on slopes. 
It described how much of a ground was covered by the green vegetation alone and 
had been used as a vegetative indicator by Du Plessis (2001), Chiu (2004) and Lau 
(2005). In this study, all the slopes showed dramatic increase in green coverage 
and reached a high value (about 80-90%) in summer. However, nearly all the 
vegetation died off in the following winter for NFY Mulching Panel and 
Toyo-Mulching. A low green coverage of 22% remained for Rocksgrass, which 
may be due to the shading effect by the trees next to the slope which resulted in less 
evaporation loss and heating effect. From the results of seasonal changes of soil 
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moisture and green coverage, it seemed that moisture content was responsible for 
the performance of vegetation on slopes. Similar trends of seasonal pattern of 
green coverage were observed in next year although soil moisture had not been 
monitored. This further demonstrates that soil moisture was critical for vegetation 
development on proprietary systems. Similar results were obtained by Chiu (2004), 
in which the mean soil moisture in wet season for Toyo-Mulching and Geofiber 
slopes were 31.15% and 16.36%, respectively, when the slopes were fully covered 
by green vegetation. However, green coverage reduced to 2.23% and 0.39% for 
Toyo-Mulching and Geofiber when their respective moisture content fell to 3.20% 
and 4.11% in the following dry season. 
Seasonal dependence of vegetation on soil water supply and rainfall was also 
reported by other studies using remote sensing techniques and the Normalized 
Difference Vegetation Index (NDVI). NDVI is a ratio making use of the 
differential reflectance of radiation by vegetation in the red and near-infrared 
wavebands and correlates well with vegetative variables such as green leaf biomass, 
leaf area index and canopy cover (Tucker et al” 1983; Nicholson et al., 1990; 
Davenport and Nicholson, 1993; Nicholson and Farrar, 1994; Wellens, 1997; Pandit, 
1999). For instance, Mora and Iverson (1998) reported that NDVI was 
significantly correlated with soil moisture in tropical forests (r = 0.64). NDVI was 
controlled by soil moisture in the concurrent month in Botswana (Farrar et aL, 1994). 
Significant relationship between precipitation and NDVI were found in different 
areas by other studies (e.g. Tucker et al., 1983; Nicholson and Farrar, 1994; Wellens, 
1997; Mora and Iverson, 1998). Conventional vegetation studies also present 
similar results that vegetation growth and survival resembled moisture content and 
rainwater supply (e.g. Sheldon and Bradshaw, 1977; Woods and Morris, 1990; 
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Kershaw et al., 1994; Silvertown et al., 1994; Diaz et al” 1997). 
Water availability appears to be the determinant factor for successful vegetation 
growth and development in areas with limited rainfall or rainfall seasonality. 
Results of this study were similar to the previous studies that green coverage of 
vegetation was controlled by both rainfall and soil moisture. Therefore, moisture 
content of the substrates was a major factor affecting the growth of vegetation on 
proprietary systems. 
2.4.2 Soil nutrients and vegetation growth 
Nitrogen, phosphorus and potassium are the major plant nutrients required in 
large amount. Meanwhile other elements are also required in moderate amount for 
plant growth such as calcium, magnesium and sodium. Their roles on plant growth 
were well established (e.g. Russell, 1973; McLaren, 1990; Landon, 1991). 
Nitrogen is the most important mineral nutrient in most situations in which it is the 
main limiting factor for plant productivity in most ecosystems. 
Mulched-based substrates had higher Total Kjeldhal Nitrogen (TKN) than 
soil-based ones. This was probably because peat moss in the mulching materials 
added additional nitrogen source to the substrates other than fertilizers. 
The C:N ratios of mulch-based substrates were above the suggested optimal 
level of 10. In contrast, soil-based substrates showed lower C:N ratios with values 
below the optimal level. The discrepancy between the two substrate types was 
related to the high organic carbon content of the mulching materials of the 
mulch-based substrates. 
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The trends of NH4 and NO3 contents were similar in which higher contents 
were observed for mulch-based substrates. Low or undetectable amounts of 
mineral N were present in soil-based substrates. The majority of soil N (>95%) is 
present in soil organic matter and is unavailable to plants (McLaren, 1990). At any 
one time, only 1-2 % of the total soil N is present in the mineral form. Besides, 
mineral N can easily be lost from the soil by leaching in the drainage water. 
Therefore, fertilizer is a major source of mineral N for the substrates, which had 
been taken up by the growing plants and lost by leaching throughout the years in 
which nutrient replenishment has not been carried out by the contractors. Despite 
the low mineral N contents in the substrates, they may still have continuous supply 
of mineral N for the plants through mineralization as the substrates possessed 
sufficient organic matter reserves although the decomposition may be slow. 
All slopes had sufficient TP but low or undetectable available P. This may be 
due to that the phosphate may be lost through runoff without replenishment since the 
establishment of the slopes in 2001. In the case of such low phosphate levels, 
re-measurement of the samples should be taken. However, the soil samples were 
not properly stored that they could not be used for soil analyses again. Therefore, 
it was suggested that standard storage procedures of the samples should be 
performed even after the analysis to prepare for the possibility of latter use. 
Similar to N, the substrates contained sufficient TP and this may provide the 
inorganic phosphate required by the plants by decomposition. Although sufficient 
nutrient supply is important to vegetation growth, excessive supply would not be an 
advantage. In the practice of the proprietary systems, most of the companies 
supply nutrients in excess to the slopes to provide instant greening effect. However, 
it would lead to excessive growth of vegetation on slopes, leading to increased 
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demand and competition of resources (e.g. water and sunlight) and thus speeds up 
soil drying. In addition, the dead bodies of the vegetation in winter would form a 
blanket on the slopes surface. This would hinder the recovery of the slope or the 
invasion of other species from the surrounding environment in next growing season 
if cutting is not carried out. Therefore, the contractors should supply an 
appropriate amount of nutrients to the slopes during installation. 
In general, there was no seasonal change in the nutrient contents of the 
substrates. There were sufficient TKN, TP and exchangeable cations in the 
substrates of all the slopes. The total nutrient reserves of N and P allowed the 
substrate to supply mineral nutrients to the plants through decomposition. 
Concentration of nitrate and phosphate were low and showed no difference between 
summer and winter. This meant that the substrates lacked the usable forms of N 
and P even in the growing season. Yet, vegetation grew better and high green 
coverage was found on all slopes. Therefore, soil moisture rather than nutrient 
supply was the determining factor for sustainable vegetation growth of proprietary 
systems. This could be evidenced by Chiu (2004) and Lau (2005). Slopes 
showed 100% green coverage at the initial stage after the installation of the 
proprietary systems as there were sufficient water and nutrient supplies by irrigation 
and fertilizer application (Chiu, 2004). However, green coverage started to decline 
after three weeks. In winter, green coverage reduced to <3% when there were low 
moisture contents while nutrient contents remained high. Lau (2005) also reported 
a general reduction in green coverage of 12 slopes from NFY Hydromulching and 
Toyo-Mulching in winter when there were high nutrient contents in the substrates. 
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2.4.3 Other substrate properties and vegetation growth 
Although seasonal drought seemed to be a major cause for failure of vegetation 
growth, the inherent substrate properties are also important for vegetation growth as 
they affect nutrient availability, root penetration and water holding capacity. 
Analysis of substrate properties may help improve the substrate characteristics to 
make it more suitable as growing medium for plants. 
The substrates of the proprietary systems had slightly acidic to neutral pH 
(ranged from 5.7 to 7.4) and were mostly within Landon's suggested optimal range. 
Soil nutrients are readily available within this pH range and phosphate availability is 
at maximum between pH 6 and 7 (McLaren, 1990). At low pH (<5.5), bacterial 
activity is reduced and nitrification of organic matter is retarded while phosphate 
ions may combine with iron and aluminium to form compounds which are not 
readily available to plants (Landon, 1991). One the other hand, high pH (>8.0) also 
decreases bacterial activities and hence nitrification of organic matter while 
phosphate tends to react with calcium to form insoluble calcium phosphate and 
reduces its availability to plants. All the slopes had conductivity within the optimal 
level in summer while they increased slightly in winter. 
Organic matter could be regarded as storage of N because N is released through 
decomposition by microorganisms. It is also important to improve many soil 
properties such as bulk density, soil structure and water holding capacity. 
Mulch-based substrates had much higher organic matter (>20%), with 
Toyo-Mulching being the highest (>30%). Meanwhile soil-based ones contained 
only about 2% organic matter. The high organic matter content of mulch-based 
substrates was due to their inherent highly organic substrate composition such as 
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peat moss, wood chip compost and other mulching materials. 
The slopes had gradients ranging from about 55�to 65�with substrate thickness 
ranged between 7 cm and 23 cm. These gradients may represent high risks soil 
erosion and high surface runoff (Coppin and Richards, 1990). The percentage of 
rainfall received by a slope surface may decrease from 64% to 34% only when the 
slope angle increases from 50o to 70° (Helliwell, 1995). Therefore, the water 
retention capacity of the substrates applied on such steep proprietary systems would 
be an important characteristic. In spite of the steep gradients, soil erosion was not 
severe for the slopes. There was no obvious change in the substrate thickness of 
the same slopes investigated by Chiu (2004) in 2003. Only the substrate thickness 
of Toyo-Mulching had decreased from 7.7 cm to 6.9 cm. The growing vegetation 
and erosion control mats on the slopes provided surface protection. The thin 
substrate layers of the proprietary systems may not provide enough space for water 
storage. This was the case in dry season in which there was scarce precipitation 
and the thin substrate layers could not provide sufficient water reserve for vegetation 
use in winter. In addition, the thin substrate layers may restrict root activity and 
development (Coppin and Richards, 1990; Schenk and Jackson, 2002). However, 
it may not be possible to increase substrate thickness as this increases the burden on 
the slope and cause mechanical failure. Therefore, improvement of substrate 
properties is important so as to increase water holding capacity and availability, and 
to allow proper growth of roots. 
Soil texture is an important characteristic as it gives a good indication on soil 
hydrological properties such as water storage and drainage. All the growing media 
of the slopes belonged to sandy loam except the mechanically supporting material 
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'Geofiber body' which was categorized as loamy sand. 
Bulk density is normally used as an indication of the level of compaction or, 
conversely, porosity of a soil and hence, root penetration and soil aeration. The 
growing media of the proprietary systems showed bulk density of <1 g/cm3 except 
'Geofiber body'. Bulk density of sands and sandy loams usually ranges between 
1.20 and 1.80 g/cm3 (Landon, 1991). However, bulk density may vary greatly even 
with similar texture depending on organic matter levels, root penetration and soil 
structure. Mulch-based substrates had significantly lower bulk density than that of 
soil-based ones. The results were consistent with Chiu (2004) in which Rocksgrass 
had higher bulk density than NFY Mulching Panel, Geofiber and Toyo-Mulching. 
The bulk density of the growing media was far below 1.6 g/cm3 which seriously 
reduces root growth (Russell, 1977; Trouse，1979). Significantly higher organic 
matter content of mulched-based substrates was responsible for the lower bulk 
density. Soil physical properties can be improved by organic amendments such as 
mulch, peat, compost, manure and sewage sludge. For example, bulk density was 
lower in mulched treatments when compared with control in which no organic 
amendment was carried out (Ogban et al., 2001). Significant reduction in bulk 
density was also obtained after adding organic amendments (Mays et al” 1973; Weil 
and Kroontje, 1979; Kumar et al., 1985; Obi and Ebo, 1995). Significant negative 
correlation occurred between organic matter content and soil bulk density (Gupta et 
al； 1977; Khaleel et al., 1981; Wong and Ho, 1991). The use of organic matter on 
reducing soil bulk density was applicable for a wide range of soils from different 
textural classes such as sandy soil, loamy sand, sandy loam, silt loam and other finer 
soils (Kladivko and Nelson, 1979; Darmody et al., 1983; Kumar et al., 1984; Tester, 
1990; Bauer and Black, 1992). Khaleel et al. (1981) reviewed the effect of organic 
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amendment on bulk density from 21 soil types and a linear regression analysis was 
obtained, indicating a high significant relationship (R2 = 0.69) between increased 
organic C and reduction in bulk density. The decrease in bulk density as a result of 
organic amendments may be due to the addition of the less-dense organic materials 
to the denser mineral fraction of the soil. 
A decrease in bulk density will automatically lead to ail increase in total 
porosity (Gupta et al., 1977) which could be calculated from bulk density and 
particle density by the following equation: 
Total porosity (%) = (1 - dry bulk density/particle density) x 100 
Soil pore space is essential to provide soils with ability to store water 
(micropores) and allow drainage and root growth to occur (macropores). However, 
total porosity only gives the overall volume percentage of the pore space and does 
not characterize the size of the individual pores. Mulch-based substrates had much 
higher total porosity (NFY Mulching Panel: 83%; Vegetation base: 80%; 
Toyo-Mulching: 90%) than soil-based ones (Rocksgrass: 64%; Geofiber body: 48%). 
The higher total porosity was attributed to the higher organic matter content (Gupta 
et al., 1977; Hamblin and Davies，1977; Kladivko and Nelson, 1979; Mbagwu, 1989; 
Bhagat and Verma, 1991; Diaz et al, 1997). Obi and Ebo (1995) reported a high 
significant correlation between organic matter and total porosity (r = 0.93). The 
increased total porosity may help increase the water holding capacity of soils 
although the pore size distribution had not been investigated in this study. 
j-
The amount of water available to plant growth is a function of soil moisture and 
soil suction. The relationship between soil water content and soil suction provides 
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useful information about the water holding capacity and drainage characteristics of 
the soil. The maximum soil moisture content at particular soil suction is called 
water holding capacity. However, not all the water held by soil is available to 
plants and its availability is dependent on the soil suction. At low suction, soil 
moisture is drained away by gravity easily. On the contrary, plants cannot extract 
the held water at high suction. Therefore, the soil moisture content between field 
capacity (FC) and permanent wilting point (PWP) are of great interest to soil 
scientists and agriculturists. Available water capacity can be affected by soil 
texture and it is greater in finer soils in general. Available water capacity can also 
be affected by soil organic matter content as it assists in the development and 
maintenance of good soil structure. A mineral soil with high organic matter 
content has greater AWC than one with a low organic matter level (Mbagwu, 1989; 
Hudson, 1994; Obi and Ebo, 1995; Chiu, 2004). AWC can also be attributed to the 
number of pores and the pore size distribution of soils (Russell, 1973; Winter, 1974; 
McLaren, 1990 and Landon, 1990). 
The water release characteristics curve or water retention curve describes 
matric suction in relation to soil moisture content. Mulch-based substrates retained 
much more water than that of soil-based substrates at all suctions. They also had 
higher AWC and respective FC and PWP when compared with soil-based substrates. 
Toyo-Mulching had the highest water holding capacity at all suctions including FC 
(>100%). The results coincided with other studies in which water holding capacity 
at FC was very high (>150%) after organic amendments such as peat and sludge 
(Salter and Williams, 1965 and Epstein, 1975). Higher organic matter content was 
responsible for the higher water holding capacity of the mulch-based substrates. 
This was consistent with Chiu (2004) in which substrates of Toyo-Mulching had 
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higher water holding capacity than that of Geofiber due to the higher organic matter 
content of Toyo-Mulching plots. Significant positive correlations were reported 
between organic matter content and water retained at FC, PWP and also the AWC 
(Mbagwu, 1989; Hudson, 1994 and Obi and Ebo, 1995). The enhanced water 
holding capacity and AWC of soils by organic amendments was attributed to 
increased water stable aggregates (Epstein, 1975; Kladivko and Nelson, 1979; Weil 
and Kroontje, 1979; Metzger and Yaron, 1987; Bhagat and Verma, 1991; Wong and 
Ho, 1991; Diaz et al., 1997 and Lai et al., 2000), higher water adsorption capacity 
by the organic matter (Gupta et al., 197.7； Kladivko and Nelson, 1979; Kumar et al., 
1985 and Metzger and Yaron, 1987) and increased total porosity and volume of 
storage pores (Kladivko and Nelson, 1979; Metzger and Yaron, 1987 and Diaz et al., 
1997). 
Although the effects of organic amendments on raising water holding capacity 
of soils had been well studied such as by Mays et al. (1973), Weil and Kroontje 
(1979), Kumar et al. (1985) and Mbagwu (1989), the increase in water retention at 
FC may or may not parallel to that at PWP. Thus AWC of soils may increase 
(Epstein et al., 1976; Hamblin and Davies, 1977; Kladivko and Nelson, 1979; 
Kumar et al； 1984; Tester, 1990; Bhagat and Verma, 1991; Hudson, 1994 and Obi 
and Ebo, 1995), remain unchanged or even decrease (Epstein, 1975; Gupta et al., 
1977; Wong and Ho, 1991 and Bauer and Black, 1992) after organic amendments. 
The variation was due to soil texture (Khaleel et al., 1981 and Olness and Archer, 
2005). Coarse-textured soils often showed an increase in AWC by organic 
amendments as a consequence of better aggregation and higher percentage of 
storage pores whereas unchanged or decreased AWC might be observed for 
fine-textured soils due to increased volume of large pores. 
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2.5 Summary 
Field monitoring on slopes revealed that moisture content of the substrates 
fluctuated with rainfall amount and significant positive correlation existed between 
them. Rainfall seasonality led to sufficient supply of water to slopes in summer 
and vegetation bloomed with high green coverage consequently. In winter, 
negligible precipitation was responsible for water shortage on the slopes and dieback 
of vegetation was observed on all the slopes. Meanwhile, soil chemical analyses 
demonstrated that there was sufficient N reserve, total P and exchangeable cations 
on the slopes whereas mineral N and available P were in shortage in both wet and 
dry seasons. This may be due to uptake by plants and leaching from substrates 
during the growing season and lack of fertilizer replenishment in winter. Yet, 
vegetation could still grow in summer in spite of the shortage of plant available 
nutrients. Therefore, it is believed that drought is a major factor in affecting the 
vegetation growth on the slopes. 
The slopes under investigation had steep gradients and thin substrate layers. 
These harsh environments might limit the water storage capacity of the substrates 
and inhibit the rooting depths of the vegetation. Mulch-based substrates had higher 
organic matter than that of soil-based substrates. The higher organic matter content 
was responsible for the lower bulk density, higher total porosity, and higher water 
holding capacity and available water capacity in mulch-based substrates compared 
with soil-based ones. 
As seasonal drought is a major factor for failure of vegetation development on 
slopes in winter, the properties of the growing media to enhance the water retention 
capacity and dry seasonal irrigation should be further investigated. 
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Chapter 3 Surface runoff and soil erosion of cut slopes 
3.1 Introduction 
Results from the previous chapter revealed that substrate moisture level is the 
determining factor for vegetation growth on proprietary systems. The ability of the 
substrates to store the incoming rainwater is important for the growth of vegetation as 
it is the only source of water input to the systems. However, the rainfall reaching the 
soil surface is not a hundred percent available for soil water storage, especially on a 
sloping environment. The vertical face of the slope will receive very little rainfall 
only and rainwater may lost through evapotranspiration or runoff and only a small 
proportion of water passes into the soil as subsurface moisture (Helliwell, 1995; 
Evans and Lam, 2003). Figure 3.1 demonstrates the fate of rainfall after reaching a 
sloping ground. 
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Fig. 3.1 Hydrological, erosion and nutrient systems related to the engineering role of 
vegetation (extracted from Morgan and Rickson, 1995). 
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When rainwater reaches a sloping environment, it may be intercepted by plant 
canopy which is eventually evaporated or reached the ground as throughfall or 
stemflow. Rainwater may also reach the ground directly, either infiltrating into the 
soil, accumulating temporarily in depression over the surface or flowing downslope as 
surface runoff when rainfall exceeds the infiltration capacity of the soil (Hillel, 1971). 
Water entering the soil may evaporate directly through soil surface, flow downslope in 
the subsurface layer, percolate deep into the soil, as water storage within the soil or be 
extracted by plants and transpired to the atmosphere (Linsley et al； 1975; Hsu et al., 
1983; GEO, 2000a). Amount of runoff from slopes is dependent on a variety of 
factors such as rainfall characteristics (rainfall amount, intensity and duration), soil 
characteristics, slope angle, surface vegetation cover and antecedent moisture. 
Therefore, the ability of slopes to reduce surface runoff and enhance infiltration is 
important for soil water storage and subsequent uptake by plants. 
Sloping environments not only reduce the amount of water storage in the 
substrates, but are also subjected to soil erosion. Soil erosion is an entirely natural 
process in which unconsolidated surface soil is removed by several agents such as 
wind, water and ice. In this study, rainfall erosion is concerned. Soil erosion is a 
two-step process involving both particle detachment by rain splash and their transport 
by water (Foster et al., 1985; Gray and Sotir, 1996; Allaby, 2000). Raindrops 
striking bare soil detach and splash soil particles in all directions. The detached 
particles are then transported downslope by surface runoff. Raindrops can also 
rupture soil aggregates, compact the soil surface and wash fine particles into the 
surface pores (Evans, 1980; Foster et al； 1985; Allaby, 2000; Battany and Grismer, 
2000). This seals the soil surface and lowers water infiltration and thus, increases 
surface runoff and reduces soil moisture. When the rain ceases, the surface will dry 
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as a tough, impermeable crust sealing the soil beneath. Therefore, water may not 
infiltrate vertically but flow across the surface, carrying soil particles down the slope 
and away in next rainfall event. 
Rainfall erosion is affected by four basic factors including climate, soil type, 
topography and vegetation cover. The climatic factors affecting soil erosion include 
rainfall characteristics such as rainfall intensity and duration. In general, higher 
rainfall intensity and duration impose greater raindrop splash on soil surface and 
generate more runoff, leading to greater erosion. Higher organic matter content and 
clay size fraction of a soil decrease erodibility generally. In contrast, soils with 
medium to fine texture, low organic matter content and weak structural development 
are most easily eroded (Pimentel and Harvey, 1999). These soils typically have low 
infiltration rates or capacities, which are subjected to higher runoff rates and hence, 
greater eroded soil being carried away in the flowing water. Slope topography factor 
includes slope length and steepness. Increased slope length and steepness would 
lead to greater runoff generation and faster runoff velocity, leading to greater soil 
erosion. Finally, vegetation plays an extremely important role in controlling soil 
erosion by interception, restraint, retardation and infiltration as described in section 
1.2.2. For instance, Zhang et al. (2004) found that vegetation restoration on a 
severely eroded badland substantially reduced the annual runoff and soil loss (56 — 
291 mm; 2 - 4 4 t/ha) when compared with bared soil (303 - 1056 mm; 54 一 260 t/ha). 
Soil erosion has many adverse effects on the ecosystem. It reduces the overall 
productivity of terrestrial ecosystems. For example, yield reductions due to past 
erosion in Africa may range from 2% to 40%, with a mean of 8% (Lai, 1995). Soil 
erosion may lower productivity by reducing topsoil depth (Kreznor et al., 1989), 
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reducing available water capacity (Frye et al., 1982; Gollany et al., 1992), reducing N 
and P reserves (Frye et al., 1982; Lai et al., 2000), decreasing soil organic carbon 
content (Frye et al., 1982; Kreznor et al•’ 1989), reducing aggregate stability (Gollany 
et al, 1992) and increasing bulk density (Frye et al, 1982; Gollany et al,, 1992; 
Rhoton and Lindbo, 1997). For most mineral soils, reduction in topsoil depth 
generally reduces crop grain yield. For instances, corn grain yield was positively 
correlated with topsoil depth (Lai et al” 2000) while substantial yield reductions were 
observed after removing different depths of topsoil (Larney et al., 1995). It was also 
reported that corn grain yields on eroded sites were 12% and 21% lower when 
compared with uneroded ones for two soils (Frye et al., 1982). 
When erosion occurs, soil structure is ruptured by raindrop impact and soil pores 
and holes are filled with fine soil particles. The reduced soil thickness after erosion 
decreases organic matter content of the soil (Kreznor et al., 1989; Gollany et al., 1992; 
Rhoton and Lindbo, 1997). This leads to increased bulk density and lowered 
aggregate stability. Gollany et al. (1992) found that soil aggregate stability for 
severely eroded plots and plots with surface soil removal were lower than that for less 
eroded and intact plots. All these changes of lowered organic matter content, 
deterioration of surface soil structure and reduction of total porosity following erosion 
would lead to decreased water retention capacity and AWC of the soil. For example, 
Frye et al. (1982) reported reductions of AWC averaged 4% to 5% (volume basis) in 
the surface layer of eroded soils. As a result, the amount of surface runoff would 
increase significantly when erosion occurs, with less water entering the soil and 
therefore, less water is available to support the growth of vegetation (Pimentel and 
Harvey, 1999). 
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Erosion also reduces soil fertility. For instance, Lai et al. (2000) found that 
slightly eroded soil contained significantly more N and P than severely eroded one. 
Nutrients can be lost from the soil by dissolving in surface runoff, attaching to eroded 
sediment and leaching through the soil profile (Fig. 3.1). When soil is eroded, 
nutrients adsorded on sediment are lost and the eroded soil typically contains 
approximately three times more nutrients than the original soil left on the ground 
(Pimentel and Harvey, 1999). The eroded soil is enriched with nutrients because 
water selectively erodes smaller and less dense materials such as organic and clay 
particles (rich in absorbed nutrients) from the detachment site first. Therefore, the 
fraction of coarse primary particles is increased in the original soil by erosion while 
fine primary particles, organic matter and nutrients are removed (Foster et al., 1985; 
Lemunyon and Daniel, 2002). As a result, fertility of the original soil is reduced by 
erosion. 
Soil erosion can also reduce the quality of adjacent water bodies in addition to 
the deterioration of the original land. Sediment and runoff water from erosion is one 
of the most important non-point source pollutants of streams, lakes, and estuaries 
(Faucette et al” 2004; Liang et al., 2004). Sedimentation degrades the quality of 
water bodies by clogging spawning beds, shortening the life of reservoirs and 
degrading drinking water (Grace et al., 1998). Meanwhile, the export of nitrogen 
and phosphorus from watershed cause eutrophication of surface water, leading to the 
proliferation of potentially toxic algal blooms, the death of invertebrates and fish due 
to deoxygenation and the long-term loss of biodiversity (Heathwaite and Dils, 2000). 
In Hong Kong, most of the proprietary systems are applied on slopes with steep 
gradients (usually >60�). These slopes are prone to runoff and erosion, especially 
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during intense rainstorms in summer. As the slope angle increases, the percentage of 
ambient precipitation received by the slope surface decreases and the amount of 
runoff increases. For example, a 60o slope may only receive 50% of the ambient 
rainfall (Helliwell，1995). In general, there is higher runoff generation and sediment 
yield in steeper slopes due to the increased runoff velocity and volume, leading to 
higher soil shear stress. Battany and Grismer (2000) observed that total runoff and 
sediment increased with increasing slope gradient. Significant correlations were 
found by Arnaez et al. (2004) between gradient and runoff coefficient (r = 0.76), and 
between gradient and soil loss (r = 0.65). El-Hassanin et al. (1993) also reported 
that soil loss doubled and runoff loss was 1.6 times higher as the slope gradient 
increased from 15% to 30%. Indeed, soil erosion was observed in 6 (Biocrete, Hong 
Kong Mulching, NFY Hydro-Mulching, "On" Method, Soil Panel and Toyo-Mulching) 
of the 16 proprietary systems examined in the study conducted by Lui and Shiu 
(2004). These slopes showed different levels of erosion such as surface cracking on 
the mulch/soil mix, detaching locally the mulch/soil mix, exposing the embedded wire 
mesh or PVC mesh, local surface erosion and falling off of soil mix at slope toe 
(Plates 3.1-3.3). 
Plate 3.1 Biocrete: cracks on mulch/soil mix (left); detachment of mulch/soil mix, 




Plate 3.2 NFY Hydro-Mulching: local surface erosion (adopted from Lui and Shiu, 
2004). 
_ 
Plate 3.3 "On" Method: detachment of mulch/soil mix, exposing the embedded wire 
mesh (adopted from Lui and Shiu, 2004). 
However, the results of the study were qualitative. Although Hsu et al. (1983) 
and Premchitt et al. (1992) had monitored runoff on different slopes such as 
chunamed and hydroseeded slopes, there is no study examining the runoff and erosion 
of proprietary systems applied on hard surfaces. 
This study aimed at looking into the runoff and erosion characteristics of the 
proprietary systems to deduce the effectiveness of different vegetation and intrinsic 
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substrate properties in reducing surface runoff and erosion. This was achieved by 
continuous monitoring of surface runoff, sediment loss and nutrient loss from the 
proprietary systems after rainfall events. Physical and chemical properties of the 
substrates and vegetation coverage were also examined. The information obtained 
could be used to deduce the potential amount of water storage and suggest suitable 
substrate properties and management to reduce surface runoff and prevent the 
deterioration of the systems. The conceptual framework of this study is shown in 
Fig. 3.2. 
Rainfall Substrate properties Vegetation 
characteristics (soil texture, bulk covers 
(rainfall amount, density, compaction, (standard grass mix, 
rainfall intensity, water retention, Wedelia trilobata, 
antecedent rainfall) organic matter) bare soil) 
i i i 
Surface runoff Soil loss Nutrient loss 
^r_ j T 
Effectiveness of vegetation and substrate properties in 
reducing surface runoff and erosion 
Fig. 3.2 Conceptual framework of Experiment 2. 
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3.2 Materials and methods 
3.2.1 Study site 
Four slopes from two types of proprietary systems (Toyo-Mulching and Geofiber) 
were studied. They are the better techniques to provide good vegetation coverage 
under mulching system and reinforced soil, respectively. In this study, new practice 
was carried out for Geofiber in which the substrate was solely made up of 'Geofiber 
body' without 'Vegetation base'. The study site was located at the Jockey Club 
Postgraduate Hall on The CUHK campus. The slopes contained twelve plots and 
were first setup with the assistance of the Campus Development Office (CDO) of The 
Chinese University of Hong Kong in July 2003. After being used by another 
researcher, the slopes were replanted for this experiment in October 2004 with the 
assistance of Toyo Greenland and Hong Kong Construction (Technology) Limited 
(Plate 3.4). The slopes had similar size, inclination and the same aspect so that the 
effects due to environmental variations could be minimized. All the slopes had a 
shotcrete base. The slopes were monitored for runoff water and soil loss after 
rainfall events from late May 2005 to August 2005. Soil samples were collected for 
laboratory analysis after the experiment. Meteorological information was obtained 
from the Automatic Weather Station of the Department of Geography and Resource 
Management on the CUHK campus, which was 1 km away from the study site. 
3.2.2 Experimental setup 
Two slopes were applied with Toyo-Mulching, while the other two were with 
Geofiber. Each slope was subjected to three treatments (Plate 3.5) and details of 
experimental designs were shown in Table 3.1. Each plot had an approximate 
dimension of 1.5 m x 7 m, with slope angles ranging between 51 ° and 62°. The plots 
were artificially delimited by plastic boards and the edges of the slopes were sealed to 
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Plate 3.4 Study slopes at Postgraduate Hall (7NE-C/C172), CUHK. 
prevent runoff from flowing to the adjacent plots or leaking out at the edges. The 
plots were either planted with Wedelia trilobata, standard grass mix or left bare. 
Wedelia trilobata was pit-planted with a spacing of 20 cm between each sprig. 
Standard grass mix was hydroseeded on the slopes using conventional seeding 
practice by the contractor (Cynodon dactylon: 15 g/m2, Paspalum notatum: 10 g/m2). 
Duplication was carried out for each treatment except Toyo-Mulching bare and 
grassed slopes due to different soil depths for the bare slopes and experimental failure 
for the grassed ones (TGI). 
Runoff and soil loss were collected at the bottom of slopes using devices 
modified from previous studies (Grace et al； 1998; Sanchez, 2002; Lau, 2005). At 
the lower end of the slope, a PVC pipe was nailed to the soil surface through plastic 
sheets (Plate 3.6). The PVC pipe was used to collect runoff and soil loss and direct 
them to a covered plastic container. One 6 L container was used for each 
Toyo-Mulching slope, while two (for grass and wedelia slopes) or four (for bare 
































































































































































































































































































































































































































































































































































































































































































































































































































volume of the collection tanks and the number used were due to the difference in the 
runoff producing property of substrates and the limitation of space of the ditch at the 
base of the slopes. The 50 L containers of Geofiber were connected by plastic tubes 
at the top to allow surface runoff to flow from one container to another once a 
container was nearly fully occupied. This saved efforts in runoff collection process 
with the minimum number of containers to be dealt with. The collector device was 
covered by canvas to prevent rainfall from falling into the PVC pipe directly. 
Plate 3.6 Runoff-erosion collector device at the bottom of slopes. 
3.2.3 Surface runoff and soil loss 
The runoff water and sediment were collected after each rainfall event during the 
experimental period from May 27, 2005 to August 16，2005. Multiple rainfall events 
on the same day were collected as one runoff sample. Runoff volume was measured 
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by a graduated container. Runoff coefficient was defined as the percentage of 
rainfall that became surface runoff. It was mathematically calculated by the 
following equations (Hsu et al., 1983): 
Runoff coefficient (%) ~ surface runoff / rainfall water received by the slope 
Rainfall received by slope = Precipitation x Area of slope x Cosine of slope angle 
Aliquot of about 0.5 L was collected back to laboratory and filtered through 
Millipore 0.45 \im membrane filter. The weight of soil loss was determined after 
drying at 105°C. 
3.2.4 Nutrient loss in runoff 
3.2.4.1 Total Kjeldahl nitrogen 
Twenty millitres unfiltered sample was digested at 380°C by concentrated 
sulfuric acid with copper sulfate as catalyst. The digested sample was diluted and 
the total nitrogen content was then determined by a SANplus Automated Ion Analyzer 
(Skalar, Breda, The Netherlands). 
3.2.4.2 Mineral nitrogen (ammonium and nitrate) 
The 0.45 \im filtered sample was used to determine the mineral nitrogen content 
by a SANplus Automated Ion Analyzer (Skalar, Breda, The Netherlands). 
3.2.4.3 Total phosphorus 
The sample used for TKN measurement was also used to determine the total 
phosphorus content by a SANplus Automated Ion Analyzer (Skalar, Breda, The 
Netherlands). 
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3.2.4.4 Available phosphorus 
The sample used for mineral nitrogen measurement was also used to determine 
the available phosphorus content by a SANplus Automated Ion Analyzer (Skalar, Breda, 
The Netherlands). 
3.2.5 Other substrate properties 
Substrates were sampled from 5 points in each plot. Mean values of 10 and 30 
replicates were used to represent the properties of different treatments and proprietary 
systems, respectively. 
3.2.5.1 Soil texture 
Soil texture was determined by the method as described in Section 2.2.3.4. 
3.2.5.2 Bulk density 
Bulk density was determined by the method as described in Section 2.2.3.5. 
3.2.5.3 Soil compaction 
Soil compaction was measured by an ELE International Soiltest CL-700A Pocket 
Penetrometer. Measurements were taken twice on dry and wet spells. 
3.2.5.4 Water retention capacity 
Water retention capacity was determined by the method as described in Section 
2.2.3.6. 
3.2.5.5 Organic matter 
Organic matter was determined by the method as described in Section 2.2.4.3. 
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3.2.6 Vegetation coverage and green coverage on slopes 
Green coverage was determined by the method as described in Section 2.2.5.1. 
The photo for green coverage determination was also used to estimate vegetation 
cover on slope. The whole slope was first outlined with Photoshop. The area that 
was not covered by vegetation was also outlined. Both parts were painted black and 
converted to an AutoCAD readable format. The vegetation coverage was then 
determined by calculating the area of the whole slope and the bare areas. 
3.2.7 Statistical analysis 
The data were processed by SigmaStat for Windows Version 3.11 and Statistical 
Package for the Social Science (SPSS®) for Windows Release 12.0. Means and 
standard deviations were calculated. The differences among treatments and 
proprietary systems were tested by one-way ANOVA and ANCOVA. Correlation 
and regression analyses were also carried out to examine the relationships between 
different parameters. 
3.3 Results 
3.3.1 Meteorological characteristics 
There was plenty of moisture in 2005, which was the third wettest year on record. 
The total rainfall between June and August was 1865 mm, equivalent to 84% of the 
normal annual rainfall. During the study period, mean daily temperature of 28.5°C 
and relative humidity of 83% were recorded and the total rainfall amounted to 1603 
mm. Thunderstorm signals were issued in 46 days, with 8 amber and 1 red 
rainstorm warning signals. A landslip warning and a standby tropical cyclone 
} 
warning signal no. 1 were also issued during the period (HKO, 2006). 
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There were 50 rainy days during the experimental period of 82 days, in which 38 
rainfall events were recorded. There were 29 and 34 effective rainfall events for 
Toyo-Mulching and Geofiber slopes, respectively. Varying numbers of data set were 
used for analyses due to experimental failures, including overflowing of the collection 
tanks and collapses of the canvases. 
3.3.2 Surface runoff and runoff coefficient 
3.3.2.1 Surface runoff and runoff coefficient between different treatments 
The difference between treatments of each proprietary system was examined by 
the analysis of covariance (ANCOVA). Rainfall amount was used as the covariate as 
it was the most significant parameter in affecting runoff production by multiple 
regression analysis as shown in Section 3.3.7. Surface runoff from the bare slope 
was always higher than that of the vegetated slopes for Toyo-Mulching (Fig. 3.3, Fig. 
3.4, Appendix 3.1). The mean surface runoff produced from the bare slope was 
191.5 ml/m2, which was about 2.5-fold and 1.5-fold higher than that of hydoseeded 
and Wedelia slopes, respectively (Table 3.2). There was significant difference in 
surface runoff from slopes with different covers. 
Similar trends were observed for Geofiber slopes with the bare slopes generating 
more runoff all the times (Fig. 3.3, Appendix 3.1). Vegetated slopes reduced surface 
runoff significantly when compared with bare ones (Table 3.2). Overflowing of 
collection tanks (>200 1 runoff) was not uncommon for bare slopes. Bare slopes had 
a mean runoff volume of 8945 ml/m2, which was about 4 times that of hydroseeded 
(2278 ml/m ) and Wedelia (2421 ml/m ) slopes. The vegetated slopes did not show 
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Table 3.2 Estimated marginal means of surface runoff of Toyo-Mulching and 
Geofiber. 
95% Confidence interval 
Treatment Mean (ml/m2) Lower bound Upper bound 
TB 192a 143 240 
TG 54.4a 6.00 103 
TW 78.1a 29.7 127 
GB 8945b 7881 10008 
GG 2278b 1214 3341 
GW 2421 b 1358 3485 
a: Covariates in the model are evaluated at the following values: rain—amt = 40.3 
F(2,71) = 9.11,p<0.0005 
b: Covariates in the model are evaluated at the following values: rain_amt = 28.3 
F (2, 80) = 50.774, p<0.0005 
Negligible amount of rainfall water became surface runoff for Toyo-Mulching 
(Fig. 3.5, Appendix 3.2). In general, runoff coefficient of bare slope was no more 
than 2%, while it was less than 1% for grassed and Wedelia slopes. The mean runoff 
coefficient of bare slope was 0.9%, which was significantly higher than grassed and 
Wedelia slopes. Meanwhile, the vegetated slopes had runoff coefficients about 
one-third of bare slope only, and no significant difference was observed between the 
vegetated slopes (Table 3.3). 
For Geofiber, runoff coefficient of the vegetated slopes seldom exceeded 20% 
except for a few occasions (Fig. 3.5, Appendix 3.2). Bare slopes had significantly 
higher runoff coefficient, with a mean value of 47.7%，which was about 5-fold as high 
as that of hydroseeded and Wedelia slopes (Table 3.3). 
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Table 3.3 Estimated marginal means of runoff coefficient of Toyo-Mulching and 
Geofiber. 
95% Confidence interval 
Treatment Mean (%) Lower bound Upper bound 
TB 0.94a 0.74 1.14 
TG 0.25a 0.05 0.45 
TW 0.28a 0.08 0.48 
GB 47.7b 43.3 52.0 
GG 10.1b 5.70 14.4 
GW 10.6 b 620 14.9 
a: Covariates in the model are evaluated at the following values: rain一amt = 40.3 
F (2，71) =14.8，p<0.001 
b: Covariates in the model are evaluated at the following values: rain—amt = 28.3 
F (2, 80) = 97.2, p<0.001 
3.3.2.2 Surface runoff and runoff coefficient between different proprietary systems 
Bare slopes of the two proprietary systems are compared to examine the runoff 
producing properties of the substrates. Geofiber produced significantly more surface 
runoff than Toyo-Mulching, which was about 60-fold greater (Table 3.4). 
Overflowing of the 6 L collection tank was observed in one occasion for 
Toyo-Mulching, while overflowing of the 200 L tanks was recorded on 5 rainfall 
events for Geofiber. The data were not used for analyses where overflowing 
occurred. Significant difference was also found in runoff coefficient between the 
proprietary systems. Runoff coefficient of Geofiber slopes was 54-fold greater than 
that of Toyo-Mulching (Table 3.5). The highest runoff coefficient on 
Toyo-Mulching was 2.6% only, while runoff coefficient of over 50% was not 
uncommon for Geofiber (Appendix 3.2). A high value of 94.1% was even recorded 
on an occasion for Geofiber. 
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Table 3.4 Estimated marginal means of surface runoff of different proprietary 
systems. 
95% Confidence Interval 
Treatment Mean (ml/m2) Lower Bound Upper Bound 
TB 150a -1353 1653 
GB 9314a 78H 10817 
a: Covariates in the model are evaluated at the following values: rain amt = 29.1 
F (1,51) = 74.9，p<0.001 
Table 3.5 Estimated marginal means of runoff coefficient of different proprietary 
systems. 
95% Confidence Interval 
Treatment Mean (%) Lower Bound Upper Bound 
TB 0.90a -4.40 6.20 
GB 48.6 a 433 519 
a: Covariates in the model are evaluated at the following values: rain_amt = 29.1 
F(l，51)隱 162，p<0.001 
3.3.3 Soil loss 
3.3.3.1 Soil loss between different treatments 
Negligible amount of soil loss was recorded for Toyo-Mulching slopes (Fig. 3.6, 
Appendix 3.3). Soil loss from bare slope was greater than that of the vegetated ones 
for most cases. Soil loss from the vegetated slopes seldom exceeded 0.1 kg/ha. 
The highest values recorded for hydroseeded and Wedelia slopes were only 0.196 
kg/ha and 1.567 kg/ha, respectively. There was significant difference in soil loss 
between different treatments. The mean soil loss from bare slope was 0.361 kg/ha, 
which were 17 and 4.3 times those from grassed and Wedelia slopes (Table 3.6). 
For Geofiber, soil loss from bare slopes was always higher than those from the 
vegetated slopes (Fig. 3.6, Appendix 3.3). Sediment production from the 
hydroseeded slopes was close to or greater than 20 kg/ha for two occasions, while it 
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was about 10 kg/ha from Wedelia slopes for one occasion only. In contrast, soil loss 
from bare slopes was much greater with values even ranging from about 50 to 943 
kg/ha on consecutive heavy rainy days from June 20 to June 23. Significant 
difference was found in soil loss between different treatments. Sediment production 
from bare slopes was about 29-fold and 53-fold as high as those from hydroseeded 
and Wedelia slopes (Table 3.6). 
3.3.3.2 Soil loss between different proprietary systems 
Bare slopes of the two proprietary systems were compared to examine the soil 
erodibility of the substrates. Sediment production from Geofiber was always much 
higher than that of Toyo-Mulching (Appendix 3.3). Negligible soil loss was 
recorded for Toyo-Mulching slopes. Only 2 rainfall events produced sediment >1 
kg/ha for Toyo-Mulching, with the highest value of 3.42 kg/ha. For Geofiber, soil 
loss of >1 kg/ha was recorded on 30 occasions, with the highest value of about 943 
kg/ha on June 20. There was significant difference in soil loss between different 
proprietary systems. The mean soil loss from Geofiber was 67.2 kg/ha, which was 
of two orders of magnitude (2234-fold) greater than Toyo-Mulching (Table 3.7). 
3.3.4 Nutrient loss 
3.3.4.1 Nutrient loss between different treatments 
Vegetated slopes showed significantly lower TKN loss than bare slopes for both 
Toyo-Mulching and Geofiber. The mean TKN load of the bare slope of 
Toyo-Mulching was 2.01 mg/m2, which was about 3.6 and 4.1 times that of the 
hydroseeded and Wedelia slopes, respectively (Table 3.8). Similarly, the mean TKN 
load of the bare slopes of Geofiber was 117 mg/m2, which was about 8-fold and 
12-fold higher than that of the grassed and Wedelia slopes, respectively (Table 3.8). 
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Table 3.6 Estimated marginal means of soil loss of Toyo-Mulching and Geofiber. 
95% Confidence Interval 
Treatment Mean (kg/ha) Lower Bound Upper Bound 
TB 0.36a 0.17 0.56 
TG 0.02a -0.17 0.22 
TW 0.08a -0.11 0.28 
GB 64.1b 32.6 95.7 
GG 2.20b -29.3 33.7 
GW 1.20 b -304 32J 
a: Covariates in the model are evaluated at the following values: rain amt = 41.8 
F (2, 68) = 3.42, p<0.05 
b: Covariates in the model are evaluated at the following values: rain amt = 37.0 
F(2, 98) = 5.16, p<0.01 
Table 3.7 Estimated marginal means of soil loss of different proprietary systems. 
95% Confidence Interval 
Treatment Mean (kg/ha) Lower Bound Upper Bound 
TB 0.30a -38.7 39.2 
GB 67.2 a 283 106 
a: Covariates in the model are evaluated at the following values: rain amt = 37.6 
F (1,61)45.90, p<0.05 
Table 3.8 Estimated marginal means of TKN loss of Toyo-Mulching and Geofiber. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 2.01a 1.37 2.64 
TG 0.56a -0.08 1.19 
TW 0.49a -0.14 1.13 
GB 117b 88.3 146 
GG 13.1b -15.9 42.0 
GW 8.90 b -201 3X8 
a: Covariates in the model are evaluated at the following values: rain amt = 39.1 
F (2, 68) = 7.24，p<0.01 
b: Covariates in the model are evaluated at the following values: rain amt = 28.3 
F (2, 80)¾ 17.8，p<0.001 
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Similarly, significant reduction in NH4-N losses in vegetated slopes were found 
in both Toyo-Mulching and Geofiber and their respective mean of NH4-N load are 
shown in Table 3.9. 
Table 3.9 Estimated marginal means of NH4-N loss of Toyo-Mulching and Geofiber. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.53a 0.30 0.75 
TG 0.21a -0.01 0.43 
TW 0.07a -0.16 0.29 
GB 18.4b 12.2 24.6 
GG 1.90b -4.30 8.10 
GW 0.20 b -^00 630 
a: Covariates in the model are evaluated at the following values: rain amt = 39.4 
F (2, 53) = 4.58, p<0.05 
:Covariates in the model are evaluated at the following values: rain amt = 28.0 
F (2, 41) = 10.9，p<0.001 
The NO3-N losses from slopes were much lesser. Nitrate loss was only 
recorded on 9 and 7 rainfall events for Toyo-Mulching and Geofiber slopes, 
respectively (Appendix 3.4). Significant difference in NO3-N loss between 
treatments was found in Geofiber slopes but not for Toyo-Mulching (Table 3.10). 
The mean NO3-N load of the bare slopes of Geofiber was 7.36 mg/m2, while that of 
grassed and Wedelia slopes were 0.82 and 1.24 mg/m2, respectively (Table 3.10). 
The TP loss from the bare slope of Toyo-Mulching was slightly higher than that 
of the vegetated ones although it was not significant (Table 3.11). For Geofiber, 
vegetation reduced TP losses significantly. The mean TP load of the bare slopes was 
17.3 mg/m , which was about 7.5-fold and 9.1-fold higher than that of the grassed and 
Wedelia slopes (Table 3.11). 
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Table 3.10 Estimated marginal means of NO3-N loss of Toyo-Mulching and Geofiber. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB OOT 000 0.14 
TG 0.03a -0.04 0.10 
TW 0.08a 0.01 0.15 
GB 7.36b 5.24 9.49 
GG 0.82b -1.31 2.95 
GW 1.24b -088 137 
a: Covariates in the model are evaluated at the following values: rain amt = 53.1 
F (2, 23) = 0.685, p>0.05 
b: Covariates in the model are evaluated at the following values: rain_amt = 37.7 
F (2,11)=14.4, p<0.01 
Table 3.11 Estimated marginal means of TP loss of Toyo-Mulching and Geofiber. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.25a 0.15 0.35 
TG 0.12a 0.02 0.23 
TW 0.17a 0.07 0.28 
GB 17.3b 13.2 21.5 
GG 2.30b -1.80 6.50 
GW 1.90 b -220 ^10 
a: Covariates in the model are evaluated at the following values: rain amt =40.1 
F _ 65) = 1.52 p>0.05 
b: Covariates in the model are evaluated at the following values: rain amt = 29.2 
F(2, 77) = 17.695, p<0.001 
Similar to nitrate, phosphate losses from slopes was negligible. Over the 
experimental period, phosphate loss was only recorded on 9 occasions for 
Toyo-Mulching slopes and 2 for Geofiber (Appendix 3.5). There was no significant 
difference in phosphate loss in different treatments for Toyo-Mulching (Table 3.12). 
For Geofiber, phosphate loss was only recorded for the Wedelia slope on Aug 9 and 
Aug 10 with respective values of 2.56 and 0.05 mg/m2. 
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Table 3.12 Estimated marginal means of PO4-P loss of Toyo-Mulching. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.05a -0.03 0.13 
TG 0.06a -0.02 0.14 
TW OOT -005 Oil 
a: Covariates in the model are evaluated at the following values: rain amt = 43.2 
F (2，23) = 0.19, p>0.05 
3.3.4.2 Nutrient loss between different proprietary systems 
Bare slopes of the two proprietary systems were compared to examine the 
susceptibility of nutrient losses of different substrates. Nutrient losses from Geofiber 
slopes were much higher than that of Toyo-Mulching (Tables 3.13 - 3.16). 
Significant differences in nutrient loads between the two proprietary systems were 
found for TKN, NH4-N, NO3-N, and TP. The mean loss of TKN, NH4-N, NO3-N 
and TP for Geofiber was about 83, 40, 138 and 89 times that of Toyo-Mulching. 
Both systems showed negligible amount of PO4-P loss throughout the experiment. 
3.3.5 Substrate properties of proprietary systems 
Substrates of Toyo-Mulching belonged to sandy loam, while that of Geofiber 
belonged to loamy sand (Table 3.17). Geofiber had much higher sand content (about 
90%) but low silt and clay contents (about 10%). In contrast, Toyo-Mulching had 
higher silt and clay contents (about 40%) with relatively low sand content. 
Table 3.13 Estimated marginal means of TKN loss of different proprietary systems. 
95% Confidence Interval 
Treatment Mean (mg/m) Lower Bound Upper Bound 
TB 1.50a -35.2 38.8 
GB 125^ 8X8 161 
a： Covariates in the model are evaluated at the following values: rain amt = 29.1 
F( l , 51)122.575, p<0.001 
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Table 3.14 Estimated marginal means of NH4-N loss of different proprietary systems. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.50a -7.60 8.70 
GB 20.1a 11.9 283 
a: Covariates in the model are evaluated at the following values: rain amt = 29.7 
F (1,33)= 11.873, p<0.01 
Table 3.15 Estimated marginal means of NO3-N loss of different proprietary systems. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.04a -3.42 3.51 
GB 6.09 a Z62_ ^56 
a: Covariates in the model are evaluated at the following values: rain amt 二 30.1 
F (1,7) = 8.502, p<0.05 
Table 3.16 Estimated marginal means of TP loss of different proprietary systems. 
95% Confidence Interval 
Treatment Mean (mg/m2) Lower Bound Upper Bound 
TB 0.20a -4.90 5.30 
GB 17.7a 1Z6 2Z8 
a: Covariates in the model are evaluated at the following values: rain amt = 29.9 
F (1,49) = 23.551, p<0.001 
Table 3.17 Texture of substrates of proprietary systems. 
Toyo-Mulching Geofiber 
TB TG TW GB GG GW 
Sand (%) 61.4 61.4 63.7 88.9 88.9 86.3 
Silt (%) 26.7 20.7 20.4 3.20 3.20 5.80 
Clay (%) 11.9 17.9 15.9 7.90 7.90 7.90 
Texture Sandy loam Sandy loam Sandy loam Loamy sand Loamy sand Loamy sand 
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No significant difference was found in bulk density between different treatments 
of each proprietary system (Table 3.18). Bulk density of Toyo-Mulching ranged 
from 0.10 to 0.12 g/cm3, while Geofiber had a significantly higher bulk density which 
ranged from 1.53 to 1.58 g/cm . The mean bulk density of Geofiber was 1.55 g/cm , 
which was about 15-fold as high as that of Toyo-Mulching (Table 3.19). 
Table 3.18 Bulk density of different treatments (mean of 10 replicates). 
Bulk density (g/cm3) 
Toyo-Mulching Geofiber 
Bare soil 0.12(0.02) 1.58 (0.06) 
Standard grass mix 0.10 (0.02) 1.53 (0.04) 
Wedelia trilobata 0.10(0.02) 1.53 (0.05) 
Values in brackets represent standard deviation 
Table 3.19 Bulk density of proprietary systems (mean of 30 replicates). 
Toyo-Mulching Geofiber Sig. diff. 
Bulk density (g/cm3) 0.11 (0.02) 1.55 (0.05) *** 
Values in brackets represent standard deviation 
*** represents significant difference by t-test (p<0.001) 
Soil compaction of Toyo-Mulching behaved differently in dry and wet soil 
conditions. The substrates were much more compacted in dry condition (Table 3.20). 
Bare soil had greater compaction in dry condition, although it was significant for 
grassed slopes only. The compaction reduced greatly when the soil was wet, and 
there was no significant difference (p>0.05) between the treatments. For Geofiber, 
the substrates were highly compacted in both dry and wet soil conditions. The 
compaction level exceeded the upper limit (5MPa) of the penetrometer. 
: � ‘ • 
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Table 3.20 Soil compaction of different treatments (mean of 10 replicates). 
Compaction (MPa) 
Toyo-Mulching Geofiber 
TB TG TW GG GB GW 
Dry 2.28 a 1.66 b 1.78 ab >5.00 >5.00 >5.00 
Wet 0.23 0.43 0.33 >5.00 >5.00 >5.00 
Sig. diff. *** *** *** >5.00 >5.00 >5.00 
Different letters on the same row represent significant difference by one-way 
ANOVA: Tukey test, p<0.05 
*** represent significant difference by t-test (p<0.001) 
The water retention capacity was similar between different treatments for each 
proprietary system. However, there was a great difference between different 
proprietary systems (Fig. 3.7). Substrate of Toyo-Mulching retained much more 
water than that of Geofiber at all suctions. For Toyo-Mulching, the maximum 
water-holding capacity (moisture at 0 bar suction) of substrate was 839%, which was 
about 25-fold higher than that of Geofiber (32.2%). 
There was no significant difference (p>0.05) in the organic matter contents 
between different treatments for each proprietary system. The organic matter 
content of Toyo-Mulching treatments was about 40%, while it ranged from 0.36 to 
0.52% for Geofiber treatments (Table 3.21), which was 94-fold lower than that of 
Toyo-Mulching (Table 3.22). 
3.3.6 Vegetation coverage and green coverage 
All the slopes were fully covered with vegetation except the grassed slopes of 
Geofiber during the experimental period (Table 3.23). The grassed slopes of 
Geofiber (GG) had a little bit lower vegetation coverage of 91% at the beginning of 





‘？ 700 • 
^ • T B 
^ 600 
g ••• • • • • TG 
日 500 
J 400 
I 300 i 
I 200 > … … … 二 二 二 , : 二 二 二 二 ： 二 - 二 叫 
100 -
0 1 1 1 1 ‘ 




售 30 ：： 
^ 25 - + G B 二 GG 
I 20 一金-GW 
1 15 \ 
o 10 
“ 5 , • 
D
 ^ ^ " " “
1
' • • … … - . 丄 • 邊 
0
 1 1 1 ： 1 ‘ 




J 700 • 
气 600 ~ T o y o - M u l c h i n g 
fc Geofiber H 5 0 0 丨 
.i 400 
S 300 \ 
M 200 - 4 • ^ 
100 -
o ‘ … • ™ — — 1 '•••• • 
0 3 6 9 12 15 
Suction (bars) 
Fig. 3.7 Water release characteristics curves of different treatments (mean of 10 
replicates) and proprietary systems (mean of 30 replicates). 
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Table 3.21 Organic matter of different treatments (mean of 10 replicates). 
Organic matter (%) 
Toyo-Mulching Geofiber 
Bare soil 41.4 (0.75) 0.40 (0.16) 
Standard grass mix 41.3 (0.75) 0.52 (0.20) 
Wedelia trilobata 39.8 (3.08) 0.36 (0.11) 
Values in brackets represent standard deviation 
Table 3.22 Organic matter of proprietary systems (mean of 30 replicates). 
Toyo-Mulching Geofiber Sig. diff. 
Organic matter (%) 40.8 (1.96) 0.43 (0.17) *** 
Values in brackets represent standard deviation 
*** represents significant difference by t-test (p<0.001) 
Table 3.23 Vegetation coverage on slopes during the experimental period. 
Green Coverage (%) 
TG TW GG GW 
28/5/2005 100 100 91.0 100 
15/6/2005 100 100 94.0 100 
21/7/2005 100 100 9X0 100 
During the experimental period, Wedelia grew better than grasses for both 
Toyo-Mulching and Geofiber slopes (Table 3.24). All the Wedelia slopes had high 
green coverage of over 90%，in which some of them had nearly 100% green coverage. 
In contrast, hydroseeded slopes had only fair green coverage. TG and GG showed 
green coverage of 56% and 45% at the start of the experiment, respectively. All 
slopes showed a marked reduction in green coverage in July except TW. This may 
due to the dry hot sunny days from July 2 to July 6. The mean maximum 
temperature during those days was 32.5°C (HKO, 2006). After the rainy season, all 
vegetation on the slopes died in winter 2005 (Plate 3.7). Drought may be the 
problem for the vegetation growth on the slopes in winter as evidenced in the previous 
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experiment. 
Table 3.24 Green coverage on slopes. 
Green coverage (%) 
TG TW GG GW 
28/5/2005 56.0 96.5 44.5 98.5 
15/6/2005 55.5 97.5 28.5 98.5 
21/7/2005 16.0 95.5 12.5 75.0 
25/1/2006 0.00 1.50 0.00 3.00 
3.3.7 Relationship between rainfall and erosional parameters 
Significantly positive correlations (p<0.001) were found between rainfall amount 
and surface runoff; and between rainfall duration and surface runoff on the bare slope 
of Toyo-Mulching (Table 3.25). Similar relationships were found for Wedelia slopes, 
though the correlations were weaker. For the hydroseeded slope, no such 
relationship was found. Rainfall intensity did not seem to be correlated with runoff 
production for all treatments of Toyo-Mulching. In addition, antecedent rainfall 
amount did not show significant correlation with surface runoff for all Toyo-Mulching 
slopes. 
For Geofiber, surface runoff was significantly positively correlated with rainfall 
amount and duration for all treatments. Both rainfall amount and duration were 
highly correlated with runoff production. Rainfall amount had high correlation 
coefficients with surface runoff, which were about 0.9 for all treatments. Similarly, 
rainfall intensity and antecedent rainfall amounts did not correlate with surface runoff 
for all treatments of Geofiber slopes. 
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TB TG TW GB GG GW 
Rainfall amount 0.678*** 0.240 0.463** 0.928*** 0.880*** 0.885*** 
Rainfall duration 0.567*** 0.208 0.393* 0.863*** 0.757*** 0.781*** 
Rainfall intensity 0.191 0.178 0.164 0.092 0.136 0.097 
1-day antecedent rainfall 0.057 -0.016 0.017 0.177 0.152 0.147 
2-day antecedent rainfall 0.018 -0.147 -0.117 0.046 0.041 0.067 
3-day antecedent rainfall 0.096 -0.132 -0.071 0.055 0.040 0.075 
4-day antecedent rainfall 0.040 -0.169 -0.100 -0.046 -0.062 -0.032 
5-day antecedent rainfall -0.014 -0.224 -0.149 -0.153 -0.169 -0.135 
* p<0.05 by Pearson's Correlation 
** p<0.01 by Pearson's Correlation 
*** p<0.001 Pearson's Correlation 
Runoff coefficient seemed not to be correlated with any rainfall parameter for all 
treatments of Toyo-Mulching (Table 3.26). For Geofiber, significantly positive 
correlations (p<0.001) were found between rainfall amount and runoff coefficient, and 
between rainfall duration and runoff coefficient for all treatments. Similar to 
Toyo-Mulching, runoff coefficient did not correlate with rainfall intensity and 
antecedent rainfalls for Geofiber slopes. 
Soil loss did not show significant correlation with any rainfall parameter for all 
treatments of Toyo-Mulching (Table 3.27). Meanwhile, significant positive 
correlations were found between soil loss and surface runoff for the hydroseeded and 
Wedelia slopes of Toyo-Mulching but not for the bare slope. For Geofiber, 
significant positive correlations were found between rainfall amount and soil loss, and 
between surface runoff and soil loss for all treatments. Besides, soil loss was also 
correlated with rainfall duration and rainfall intensity for bare slopes and grassed 
slopes, respectively. 
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TB TG TW GB GG GW 
Rainfall amount 0.101 0.153 0.271 0.626*** 0.759*** 0.734*** 
Rainfall duration 0.030 0.119 0.233 0.549*** 0.624*** 0.626*** 
Rainfall intensity 0.163 0.198 0.165 0.311 0.222 0.172 
1-day antecedent rainfall -0.077 -0.041 0.018 0.285 0.199 0.199 
2-day antecedent rainfall -0.051 -0.156 -0.125 0.197 0.089 0.153 
3-day antecedent rainfall -0.055 -0.157 -0.101 0.183 0.054 0.134 
4-day antecedent rainfall 0.015 -0.194 -0.144 0.124 -0.043 0.032 
5-day antecedent rainfall 0.046 -0.253 -0.208 0.033 -0.159 -0.078 
*** p<0.001 Pearson's Correlation 




TB TG TW GB GG GW 
Rainfall amount 0.247 0.133 0.094 0.746*** 0.496** 0.355* 
Rainfall duration 0.295 0.143 0.192 0.598*** 0.298 0.232 
Rainfall intensity -0.027 0.031 -0.085 0.147 0.345* 0.259 
1-day antecedent rainfall 0.005 0.105 0.012 0.233 -0.081 -0.071 
2-day antecedent rainfall 0.040 -0.007 -0.064 0.173 -0.127 -0.151 
3-day antecedent rainfall 0.012 -0.023 -0.001 0.221 -0.112 -0.160 
4-day antecedent rainfall 0.011 -0.079 -0.042 0.222 -0.087 -0.172 
5-day antecedent rainfall 0.004 -0.129 -0.076 0.219 -0.094 -0.197 
Surface runoff -0.032 0.550*** 0.711*** 0.552** 0.394* 0.463** 
* p < 0.05 by Pearson's Correlation 
** p < 0.01 by Pearson's Correlation 
*** p < 0.001 by Pearson's Correlation 
Significantly positive correlations were found between surface runoff and TKN 
loss for Toyo-Mulching slopes (Table 3.28). TKN loss from Wedelia slopes of 
Toyo-Mulching was also highly correlated with soil loss. For Geofiber, TKN loss 
was significantly positively correlated to soil loss for all treatments. Meanwhile, 
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TKN loss was also related to rainfall amount and surface runoff but with lower 
correlation coefficients. 




TB TG TW GB GG GW 
Rainfall amount 0.512** 0.148 0.157 0.649*** 0.463** 0.492** 
Rainfall duration 0.105 0.234 -0.001 0.190 0.266 0.217 
Rainfall intensity 0.461** 0.093 0.234 0.504** 0.306 0.318 
Surface runoff 0.720*** 0.880*** 0.764*** 0.796*** 0.576*** 0.606*** 
Soil loss 0.027 0.257 0.942*** 0.867*** 0.862*** 0.879*** 
** p < 0.01 by Pearson's Correlation 
*** p < 0.001 by Pearson's Correlation 
NH4-N loss was highly correlated to soil loss and surface runoff for Wedelia 
slopes of Toyo-Mulching, while weak positive correlations were found between 
rainfall amount and NH4-N loss for the bare slope; and between surface and NH4-N 
loss for hydroseeded slopes (Table 3.29). For Geofiber, soil loss was highly 
correlated to NH4-N loss for the bare and grassed slopes. 




TB TG TW GB GG GW 
Rainfall amount 0.347* 0.131 0.367* 0.470** 0.146 0.068 
Rainfall duration 0.025 0.275 -0.028 0.096 0.326 0.045 
Rainfall intensity 0.329 0.014 0.447** 0.402* -0.038 0.023 
Surface runoff 0.282 0.510** 0.649*** 0.466** 0.240 0.116 
Soil loss 0.007 -0.074 0.761*** 0.668*** 0.843*** 0.041 
* p < 0.05 by Pearson's Correlation 
** p<0.01 by Pearson's Correlation 
*** p< 0.001 by Pearson's Correlation 
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Significantly positive correlations were found between NO3 loss and surface 
runoff in all treatments for Toyo-Mulching and Geofiber (Table 3.30). NO3-N loss 
was also related to rainfall amount and intensity for all Geofiber slopes. For 
Toyo-Mulching, rainfall amount seemed to be related to NO3-N loss for the bare and 
Wedelia slopes. 




TB TG TW GB GG GW 
Rainfall amount 0.492** 0.036 0.419* 0.500** 0.471** 0.527** 
Rainfall duration 0.081 0.325 0.326 -0.017 0.016 -0.002 
Rainfall intensity 0.351* -0.071 0.228 0.460** 0.403* 0.477** 
Surface runoff 0.420* 0.480** 0.506** 0.519** 0.499** 0.627*** 
Soil loss 0.070 -0.042 -0.063 -0.034 0.094 0.246 
* p < 0.05 by Pearson's Correlation 
** p < 0.01 by Pearson's Correlation 
*** p < 0.001 by Pearson's Correlation 
High correlations were observed between TP loss and surface runoff for 
Toyo-Mulching and Geofiber slopes (Table 3.31). High significant positive 
correlations were also found between TP loss and soil loss for Geofiber slopes in 
addition to surface runoff. Furthermore, TP loss was also related to rainfall amount 
and intensity for all treatments of Geofiber slopes. 
No correlation was observed between phosphate loss and all parameters for the 
bared and hydroseeded slopes of Geofiber because there was no or undetectable loss 
of phosphate throughout the experiment (Table 3.32). Meanwhile, no significant 
correlation was observed between phosphate loss and all parameters for 
Toyo-Mulching and Geofiber slopes in general. 
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TB TG TW GB GG GW 
Rainfall amount 0.329 0.238 0.430* 0.644*** 0.479** 0.687*** 
Rainfall duration 0.222 0.191 0.153 0.186 0.293 0.146 
Rainfall intensity 0.219 0.204 0.386* 0.513** 0.275 0.563*** 
Surface runoff 0.659*** 0.936*** 0.933*** 0.787*** 0.630*** 0.741*** 
Soil loss 0.053 0.475** 0.701*** 0.858*** 0.833*** 0.746*** 
* p < 0.05 by Pearson's Correlation 
** p <0.01 by Pearson's Correlation 
*** p < 0.001 by Pearson's Correlation 




TB TG TW GB GG GW 
Rainfall amount 0.004 0.025 0.261 NA NA 0.179 
Rainfall duration 0.030 0.334 -0.041 NA NA -0.021 
Rainfall intensity -0.023 -0.087 0.295 NA NA 0.181 
Surface runoff 0.125 0.472** -0.063 NA NA 0.223 
Soil loss -0.063 -0.037 -0.087 NA NA 0.711*** 
** p <0.01 by Pearson's Correlation 
*** p < 0.001 by Pearson's Correlation 
NA: no correlation due to no PO4-P loss or no detectable loss 
Multiple regression analysis was carried out to identify the degrees of correlation 
between rainfall and erosional parameters. All the parameters in column 3 of the 
correlation tables were used as the independent variables to predict the respective 
dependent variable (Table 3.33). Among the independent variables, only rainfall 
amount was significant in predicting surface runoff from slopes for all treatments of 
the two proprietary systems except the hydroseeded slopes of Toyo-Mulching, in 
which none of them could be used as a predictor. Similarly, rainfall amount was the 
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only predictor for runoff coefficient for Geofiber slopes. On the other hand, all the 
predictors were insignificant to predict ranoff coefficient for Toyo-Mulching. 
Meanwhile, soil loss was best predicted by surface runoff for all the slopes except TB 
(Table 3.33). 
3.4 Discussion 
3.4.1 Surface runoff and runoff coefficient between different treatments 
Analyses of surface runoff and soil loss from slopes provides important 
information such as potential rainwater infiltration for soil moisture storage and plant 
use, and the potential deterioration of the slopes by soil removal and loss of fertility. 
As it is impossible to measure the quantity of water penetrating the soil surface 
directly, infiltration is to be estimated by the difference between rainfall and measured 
surface runoff (Linsley et al., 1975; Hsu et al., 1983; Premchitt et al., 1992; Grace et 
al., 1998). Therefore, surface runoff is a good parameter for estimating soil 
infiltration. 
Vegetation, both standard grass mix and Wedelia trilobata, effectively reduced 
surface runoff from the slopes for both Toyo-Mulching and Geofiber. Standard grass 
mix reduced surface runoff by >70% when compared with bare soil. Meanwhile, 
Wedelia also caused 59% and 73% reduction in surface runoff for Toyo-Mulching and 
Geofiber, respectively. Both types of vegetation were effective in reducing surface 
runoff as no significant difference was found between the vegetated treatments. The 
results obtained were consistent with other studies in which vegetation played an 
important role in reducing surface runoff. Grace et al. (1998) examined the effect of 
commonly used forest road sideslope erosion control techniques on surface runoff. 
























































































































































































































































































































































































































































































































































































































significantly in fillslope when compared with bare soil. Runoff volume was 
reduced in native and exotic grass plots by 25% and 54%, respectively. Krenitsky 
et al. (1998) reported that turfgrass sod reduced runoff by 61% in hillside of 
construction sites by rainfall simulation. Runoff rates on the bare treatment (plant 
canopy and litter cover removed) were generally an order of magnitude greater than 
on the natural (undisturbed) and clipped (canopy removed) treatments on a hillslope 
(Goff et al., 1993). In addition, switchgrass and switchgrass/woody buffers 
reduced surface discharge of runoff by 58% and 82%, respectively from corn and 
soybean fields (Lee et al. 2003)，while runoff losses from fallow soils were much 
higher than those from forest and grass soils (El-Hassanin et al., 1993). Significant 
reduction in runoff volume by four different grasses when compared with the 
unsown control was also obtained on artificial soil panels (Lau 2005). 
Runoff coefficient is defined as the percentage of rainfall that becomes surface 
runoff and it gives a clear picture about how much rainwater is being wasted or 
infiltrated. When infiltration increases, surface runoff decreases, and vice versa. 
By knowing the runoff percentage, the remainder is the amount of infiltration, i.e. 
the higher the runoff coefficient, the greater the amount of rainwater is lost through 
the soil surface and the smaller the amount infiltrating into the soil for soil moisture 
storage and plant use. The trends of runoff coefficient for both proprietary systems 
were similar to that of surface runoff. Vegetated plots of Toyo-Mulching showed 
significantly lower runoff coefficients when compared with the bared plot, although 
there was negligible runoff coefficient for all the plots of Toyo-Mulching (<1%). 
However, the effect was more obvious for Geofiber slopes. Nearly half of the 
rainfall was lost through the soil surface for the bared plots, while only about 10% is 
lost for the vegetated plots. 
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The less surface runoff from vegetated slopes may due to enhanced infiltration 
rate as vegetated soils often have better structure and more stable aggregates. The 
plant roots may help to maintain porosity of soil to allow infiltration. Several 
substrate properties are important for enhancing water infiltration. Bulk density 
and soil compaction together give an indication of total porosity and soil structure. 
The higher the bulk density and the degree of soil compaction, the smaller the total 
porosity and the poorer the soil structure for maintaining infiltration. Organic 
matter is also important for reducing bulk density and soil compaction, increasing 
total porosity, enhancing water holding capacity and maintaining soil structure by 
increasing stable aggregates. Maximum water retentive capacity is the maximum 
amount of water that a soil could hold at saturation. It is an important soil property 
affecting the infiltration capacity of soil and that surface runoff is generated once the 
soil is wetted beyond saturation. 
From the results, there was no significant difference in bulk density, soil 
compaction, organic matter content and maximum water retentive capacity between 
the bared and the vegetated plots for both Toyo-Mulching and Geofiber. The plant 
roots of the vegetated plots did not effectively offer the advantages of reducing bulk 
density and soil compaction, and increasing organic matter and maximum water 
retentive capacity, when compared with the bared plots. Therefore, enhancing 
infiltration by the vegetation root systems seemed not to be the main mechanism for 
surface runoff reduction in these slopes. 
Surface runoff may also be reduced by interception of rainfall and retardation 
of running water by vegetation. As described before, raindrop impact and 
dispersed soil particles seal the soil and form a crust. This curst is much less 
120 
permeable than the underlying soil and transmission rates of water for the seal and 
in-washed layers can be ranged between 2000 times and 200 times less than the soil 
below (Evans, 1980). Thus the infiltration of rainwater into crusted soils is very 
slow, leading to the formation of pools of standing water and the start of sheet wash. 
Surface sealing can be reduced by a dense and low canopy to protect the soil from 
raindrop impact (Foster et al” 1985). When raindrops strike the vegetation, the 
energy of the drops is dissipated and there is no direct impact on the soil surface. 
This prevents the formation of the impermeable seal and crust (El-Hassanin et al., 
1993). The ground cover, leaves, stems and litter residues also reduce the impact 
energy of the raindrops, impede the flow of the running water and slow down the 
runoff velocity, thus increasing the time for water infiltration (Battany and Grismer, 
2000). 
The vegetated slopes maintained good vegetation covers during the experiment. 
The plots of Toyo-Mulching were fully covered by vegetation (including both living 
and dead parts). However, green coverage was relatively low for the grassed plots. 
Green coverage of the grasses plots was further dropped to less than 20% only in 
July 21. The partial dieback of the grasses meant that the underground roots might 
lose their functions in maintaining soil porosity and structure. Yet, the plots still 
performed well in reducing surface runoff effectively in spite of the low green 
coverage. This indicated that surface runoff reduction was mainly attributed to 
dissipation of the energy of raindrops by vegetation canopy and retardation of the 
velocity of runoff water by surface roughness of the aboveground vegetative parts of 
the dense ground covers. The Wedelia plots remained high green coverage (>90%) 
throughout the study and hence, also effectively reduced surface runoff from the 
slopes in similar ways as the grasses did. Similar results were obtained for 
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Geofiber slopes. Hydroseeded slopes generally maintained high vegetation 
coverage (>90%) with low green coverage during the study period. Meanwhile, 
full vegetation cover and high green coverage were observed for Wedelia plots. As 
there was no significant difference in surface runoff production between grasses and 
Wedelia plots, the dense, low vegetation canopy again, was responsible for reducing 
surface runoff through interception and retardation. The results of the current study 
were coincided with the others. Arnaez et al. (2004)，for example, found a 
significant negative correlation (r = -0.60) between plant cover and runoff on 
cutslope by rainfall simulation study, confirming that runoff was reduced with a 
dense plant cover. 
3.4.2 Relationship between rainfall characteristics and surface runoff 
Rainfall characteristics including rainfall amount, rainfall duration and rainfall 
intensity play important roles in inducing surface runoff on slopes. They may exert 
different degrees of raindrop impact and surface sealing on the ground in particular 
rainfall events. Besides, antecedent rainfall can be used to express the antecedent 
soil moisture conditions (Linsley et al” 1975 and Premchitt et aL, 1992). In 
general, the wetter the soil preceding a rainfall event, the smaller the amount of 
water is required to saturate the soil and hence, to generate surface runoff. Surface 
runoff is produced once the rainfall rate exceeds the infiltration capacity of the soil. 
Significant positive correlation was found between rainfall amount and surface 
runoff in all plots except the grasses plot of Toyo-Mulching. This was coincided 
with the results of many other studies on genuine slopes or artificial panels (Hsu et 
al., 1983; Istok and Boersma, 1986; Premchitt et al” 1992; El-Hassanin et al, 1993; 
Grace et al., 1998; Ahn et al., 2002; Lau, 2005 and Martinez et al., 2006). For 
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instance, Hsu et al. (1983) reported high correlation (r>0.9) between total rainfall 
and runoff on grassed slope. Similar results were obtained by Premchitt et al. 
(1992) in which runoff is best correlated with rainfall amount in both cut slopes and 
fill slope (r>0.9). Grace et al. (1998) also demonstrated such correlation on forest 
roadside slopes. Significant correlation was also found between rainfall duration 
and surface runoff in the current study although the correlation coefficients were 
lower. Such correlation was also demonstrated by Hsu et al. (1983). Therefore, 
the longer the duration of precipitation, the greater the amount of rainfall and hence, 
the greater the runoff volume. Indeed, high correlation was obtained between 
rainfall amount and duration throughout the study period (r = 0.957, p<0.001). 
Rainfall intensity was not correlated with surface runoff in all plots. Although 
higher rainfall intensity might induce greater raindrop impact and surface sealing on 
the slope surface, it was not necessarily accompanied by long rainfall duration and 
hence, great total rainfall amount. Therefore, there might be relatively smaller 
amount of total rainwater potentially available for becoming surface runoff. At last， 
antecedent rainfall conditions did not correlated to surface runoff for all the slopes. 
This might because the precipitation frequency and intensity were relatively high in 
summer in Hong Kong where long periods without precipitation in summer were 
lacking. Therefore, the soil was in a relatively wet state in summer and the effect 
of saturating the soil profile was not so obvious. Indeed, antecedent rainfall was 
more significant in determining the occurrence of runoff than rainfall amount and 
intensity in areas characterized by very low-intensity rainfall (Istok and Boersma, 
1986). The highest rate of runoff was not always associated with the highest 
rainfall amount or intensity in such small rainfall intensity (<15 mm/h). Instead, 
the highest rate of runoff often occurred during extended rainy periods which could 
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saturate the soil profile. When the soil pores were filled with water，the infiltration 
capacity decreased. Thus any additional precipitation became runoff at once in 
spite of small rainfall intensity. 
Multiple regression analysis was carried out to identify the degree of 
correlation between rainfall and runoff parameters. Only rainfall amount was 
significant in predicting surface runoff from slopes for all treatments of the two 
proprietary systems except the hydroseeded slopes of Toyo-Mulching, in which none 
of them could be used as a predictor. This was consistent with other studies in 
which regression analysis had also been conducted. Meyles et al. (2003) 
demonstrated that storm runoff depended mainly on the amount of rainfall. While 
Premchitt et al. (1992) also reported that runoff was almost entirely dependent on 
rainfall amount on cut slopes and fill slope. Additional parameters such as duration 
and antecedent rainfall only contributed small secondary effects. These confirmed 
that greater volume of rainwater was required to induce more runoff. 
Similarly, runoff coefficient was significantly correlated with rainfall amount 
and duration for Geofiber plots. In contrast, runoff coefficient seemed not to be 
correlated with any rainfall parameter for Toyo-Mulching slopes. The discrepancy 
was probably due to the inherent substrate properties of the two proprietary systems 
in generating runoff, which will be discussed in later section. In general, the 
substrate of Geofiber was highly compacted with low organic matter content. Thus 
they had low infiltration capacity and rainwater reaching the ground was turned to 
surface runoff easily. On the other hand, the substrate of Toyo-Mulching was 
highly organic and possessed good infiltration capacity. Therefore, negligible 
portion (<1%) of the rainfall was lost through the slope surface and runoff 
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coefficient remained low regardless of the rainfall amount and duration. Similar to 
surface runoff, rainfall amount was the only significant parameter in predicting 
runoff coefficient for Geofiber slopes, but runoff coefficient could not be predicted 
by any rainfall parameter for Toyo-Mulching plots. 
3.4.3 Soil loss between different treatments 
Both standard grass mix and Wedelia trilobata reduced soil loss effectively 
from the slopes for both Toyo-Mulching and Geofiber. Soil loss was reduced by 
94% and 77% by grasses and Wedelia, respectively, for Toyo-Mulching plots when 
compared with the bare slope. Similarly, grasses and Wedelia reduced 97% and 
98% soil loss for Geofiber slopes comparing to bare plots. Both types of 
vegetation were effective in minimizing soil erosion as there was no significant 
difference between them. The results coincided with other studies in which soil 
erosion was prevented by different vegetation covers. Grace et al. (1998) found 
that sediment loss was reduced by grasses by >90% when compared with bare soil 
on forest roadside cut slopes. Cumulative soil loss was typically 100 to 1000 times 
greater on bare treatment than on natural (undisturbed) and clipped (canopy 
removed) treatments on a sagebrush hillslope (Goff et al” 1993). The highest soil 
loss was observed in non-tillage treatment without plant strips and was significantly 
greater than those from conventional tillage and non-tillage with barley strips 
treatments (Martinez et al” 2006). In addition, Lee et al. (2003) found that 
switchgrass and swtichgrass/woody buffers reduced sediment in the runoff by 95% 
and 97%, respectively. Meanwhile, vegetation filter strips also removed 70% to 
80% of the incoming sediment from surface runoff (Lee et al,, 1999). Soil loss was 
also greater in bare control when compared with artificial soil boxes planted with 
four different grasses (Lau, 2005). 
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Vegetation can effectively prevent soil erosion. For example, Sanchez et al. 
(2002) observed that forest was the least susceptible to water erosion on hillside 
steep slopes as it possessed the highest organic matter and structural stability, and 
the lowest bulk density; while the highest rate of soil loss was found for horticultural 
crop rotation with the lowest organic matter and structural stability, and the highest 
bulk density. 
The results of the current study did not show significant difference in bulk 
density, soil compaction, organic matter content and maximum water retentive 
capacity between the bared and the vegetated plots for both Toyo-Mulching and 
Geofiber. Therefore, the effects of binding soil particles by plant roots and 
maintaining infiltration by high soil porosity might not be the determining factors 
for reducing soil erosion from the plots. Instead, the dense vegetation covers on all 
the vegetated plots over the study period seemed to be the determining factor in the 
reduction of soil loss. The near-hundred percent vegetation cover (both living and 
dead parts) provided a dense canopy blanket for the slopes to dissipate the raindrop 
energy and prevent raindrop splash-induced soil detachment. The aboveground 
portions of the grasses and Wedelia also increased surface roughness so that the 
runoff velocity was reduced and sediment was filtered out (Grace et al., 1998 and 
Martinez et al； 2006). 
3.4.4 Relationship between rainfall characteristics, surface runoff and soil loss 
Soil loss was not correlated with any rainfall parameter for all Toyo-Mulching 
plots. This was probably because nearly all the rainfall was intercepted by the 
plant canopy in the vegetated plots. The raindrop energy was also dissipated by the 
peat-based substrate on the bare slope in the absence of vegetation. As a result, the 
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rainfall hitting on the surface detached only negligible amount of soil from the 
slopes in different rainfall events. In addition, Toyo-Mulching plots had great 
infiltration capacity which reduced runoff remarkably regardless of different rainfall 
conditions. Therefore, rainfall parameters did not have any direct relationship with 
soil loss for Toyo-Mulching. Instead, soil loss was correlated with surface runoff 
for the hydroseeded and Wedelia plots. Therefore, only the runoff events with 
sufficient flushing power were capable of inducing soil loss from this less erosive 
substrate. On the contrary, soil loss was correlated with rainfall amount and 
surface runoff for Geofiber. This was because the sandy soil of Geofiber was 
detached by raindrops easily. Therefore, the larger the amount of rainfall, the 
greater the soil particles detached by raindrops, which were potentially available for 
being washed away by surface runoff. Indeed，the high surface runoff on Geofiber 
plots provided the slopes with sufficient eroding agent which washed the highly 
erosive soil particles down the slope and led to high soil loss. 
The dependence of soil loss on surface runoff is well documented (El-Hassanin 
et aL, 1993; Grace et al, 1998; Kidron and Yair, 2001; Ahn et al, 2002; Martinez et 
al., 2006). For instance, El-Hassanin et al. (1993) reported linear and significant 
relationship between runoff and soil loss on 17 runoff erosion plots under various 
conditions of slope gradient and vegetation cover. Sediment yield was positively 
correlated (r = 0.77) with runoff volume on sandy dune slopes (Kidron and Yair, 
2001). Significant and positive correlations between erosion and monthly rainfall 
were also observed on motorway embankments (Andres and Jorba, 2000) and on 
slopes (El-Hassanin et al., 1993). Regression analysis shows that surface runoff 
was the only significant predictor for soil loss in general for both Toyo-Mulching 
and Geofiber. This reveals that although splash erosion is an important process, 
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especially on fine sandy soils, the particles are not moved far. The process is 
mainly important for detaching materials which are entrained by sheet wash (Evans, 
1980). Therefore, surface runoff is the determining factor to transport the detached 
materials down the slope away from the detachment sites. 
3.4.5 Nutrient loss between different treatments 
Vegetated slopes significantly reduced TKN loss when compared with bare 
slopes for both Toyo-Mulching and Geofiber. TKN loss was reduced by >70% in 
the vegetated plots when compared with the bare slope of Toyo-Mulching, and about 
90% for Geofiber. Similar trends were observed for TP loss for Geofiber. 
However, the TP loss from the bare slope of Toyo-Mulching was only slightly higher 
than that of the vegetated ones which was not significantly different. This might be 
due to the low phosphorus content in the substrate. Vegetation is effective in 
minimizing nutrient loss from slopes. Lee et al. (2003) showed that switchgrass 
buffer removed 80% of TN and 78% of TP from the runoff from a sloping cropland. 
Meanwhile 94% and 91% of TN and TP were also removed from the runoff, 
respectively, by switchgrass/woody buffer. It was also reported that 46% and 52% 
of TN and TP were removed by filter strips of different grasses, respectively (Lee et 
a!； 1999). 
TKN loss was highly correlated with surface runoff for Toyo-Mulching plots 
while it was highly correlated with soil loss and to a less extent with surface runoff 
for Geofiber. Similar trends were observed for TP loss on both proprietary systems. 
Since soil erosion was absent on Toyo-Mulching slopes，TKN and TP losses were 
unlikely to be lost through the eroded soil particles. Instead, they were lost in the 
form of total dissolved nutrients. On the other hand, soil loss from Geofiber was 
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much higher, and thus total nutrients were mainly lost through the eroded soil 
particles and to a less extent the total dissolved form. Nutrient loss through eroded 
soil is one of the major causes of soil fertility depletion. Lee et al. (1999) found 
that TN (r = 0.81) and TP (r = 0.83) losses were correlated with sediment removal. 
Significant correlation between TN following erosion and cumulative soil loss (r = 
0.59) was also reported from sloping highlands (Gachene et al., 1997). In addition, 
Liang et al. (2004) demonstrated that export rates of TN and TP through runoff were 
much lower than that through sediment, and that particulate N and P accounted for 
the majority of TN and TP in runoff under different types of land use systems. In 
contrast, in runoff from areas with little erosion (e.g. grassland and forest), soluble P 
might be the dominant form transported (Sharpley and Smith, 1990). 
Loss of plant available nutrients was minimal for both proprietary systems. 
Only 9 and 7 rainfall events showed NO3 loss for Toyo-Mulching and Geofiber 
slopes, respectively, there was no or undetectable amount of NO3 loss through the 
surface runoff. Similar results were obtained for PO4 in which losses were only 
recorded on 9 and 2 occasions for Toyo-Mulching and Geofiber, respectively. The 
low NO3 and PO4 losses might be that the ions in solution were reabsorded by 
colloidal materials in the runoff so that they were lost through the eroded sediments 
(Barrows and Kilmer, 1963). This might also due to that their concentrations were 
low in the substrates, leading to their negligible losses in the surface runoff. 
However, these could not be proved in the current study as the enrichment ratio (the 
ratio of nutrient concentration in eroded soil to that in the original soil) of the 
nutrients had not been investigated. 
3.4.6 Surface runoff and erosional losses between different proprietary systems 
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Bare plots of the two proprietary systems were compared to examine the 
susceptibility of the inherent substrates in generating surface runoff and inducing 
soil erosion. Negligible amount of surface runoff was produced from 
Toyo-Mulching, accounting for only <1% of total rainfall over the study period. In 
contrast, surface runoff generated from Geofiber was about 62 times that of 
Toyo-Mulching, which accounted for nearly half of the rainwater received. The 
great difference was undoubtedly due to the mulch-based and soil-based substrates 
of Toyo-Mulching and Geofiber, respectively. The same trend also applied to soil 
loss between the systems. Negligible amount of soil loss was recorded from 
Toyo-Mulching while that from Geofiber was 220-fold greater, indicating the 
effectiveness of the peat in reducing soil erosion. 
Typical mulching materials such as straw, peat and woodfiber are effective in 
reducing surface runoff and soil erosion by absorbing raindrops impact, preventing 
surface sealing，preserving soil structure, improving infiltration, slowing down 
runoff velocity and contributing organic matter to the soil from the decomposition of 
mulch (Coppin and Richards, 1990; Nill and Nill, 1993; Rickson, 1995; Gray and 
Sotir, 1996; Pote et aL, 2004). Their effectiveness had been well demonstrated 
(Adams, 1966; Meyer et al., 1970; Nill and Nill, 1993; Faucette et al, 2004; Pote et 
al., 2004). For instance, Nill and Nill (1993) found that Guinea grass mulch cover 
(60%) reduced runoff by 60% when compared with uncovered plot while soil loss 
was almost negligible for the mulched cover. There was even no runoff or soil loss 
with 100% mulch cover. Straw mulch application reduced soil loss and runoff 
velocity to less than one-third and one-half of those from un-mulched areas, 
respectively. In addition, Faucette et al. (2004) showed that mulched plots took 
longer time to initiate runoff than bare soil. 
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As discussed in the previous chapter, mulch-based substrate added organic 
matter to the slopes. The high organic matter content of Toyo-Mulching was 
responsible for the extremely low bulk density, low soil compaction and extremely 
high maximum water retentive capacity of its substrate. Soil compaction is defined 
as the pressing of soil together to make it denser. When soil is compressed, bulk 
density increases while pore volume decreases. Besides, pore size distribution will 
shift toward the smaller pore size. A compacted soil thus has poor aeration, low 
nutrient and water availability, slow permeability and mechanical impedance to root 
growth in general (Thompson et al； 1987). As a result, soil compaction impedes 
the movement of water through the soil as the number of large pores is reduced. 
Increased organic matter reduces soil compaction by the binding forces between 
particles and within aggregates as well as dilution effect. The natural bulk density 
ranged between 0.02 g/cm3 and 0.98 g/cm3 in a survey of about 400 peat samples 
(Soane, 1990). This provided the substrate of Toyo-Mulching with high infiltration 
rate and capacity. Less surface runoff was generated as rainfall was readily 
infiltrated into the soil and much rainwater would be needed to saturate the substrate. 
Moreover, the peat helped dissipate the raindrop energy so that raindrop splash and 
soil detachment were reduced, leading to the negligible erosion by the limited runoff 
water. 
On the other hand, the sandy substrate of Geofiber lacked organic matter and 
possessed high bulk density and low water holding capacity at saturation. It was so 
highly compacted that became relatively impermeable to water movement during 
rainstorms. With the compacted substrate layer, soil matric potential was lowered, 
resulting in weakened soils prone to high soil-detachment values and high soil 
erosion (Froese et al., 1999). As a result, rainwater reaching the surface hardly 
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infiltrated and only small volume of rainwater was needed to saturate the substrate. 
Thus much greater volume of the rainfall would be lost through the surface and 
much more soil was transported away by surface runoff. In short, the peat content 
of Toyo-Mulching was attributed to reduced soil detachment by raindrop splash, 
enhanced infiltration, retarded runoff velocity and reduced transport capacity, 
leading to less surface runoff and soil loss when compared with Geofiber. 
All nutrient losses from Geofiber were much greater than that of 
Toyo-Mulching except PO4, in which negligible amount was lost in the surface 
runoff for both systems. The discrepancy was simply due to that both surface 
runoff and soil loss from Geofiber were much greater than that of Toyo-Mulching. 
As a result, the nutrient loss through either the dissolved form in surface runoff or 
the particulate form in eroded sediments was greater for Geofiber. 
Mulch-based substrate was effective in reducing surface runoff, soil loss and 
nutrient losses through eroded soil. This is important to maintain infiltration, soil 
fertility and slope integrity. Therefore, mulch-based substrate could store more 
water potentially for plant use, while the need for nutrient replenishment and 
replacement of the reduced substrate thickness would be less frequent. Although 
the cost of installation of proprietary systems using mulch-based or soil-based 
substrates is varying (HyD, 2003), systems incorporating mulching materials may be 
more cost-effective in long term as they may require less maintenance due to surface 
erosion. 
3.5 Summary 
This experiment provided valuable information about the runoff and erosion 
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characteristics of the two commonly used proprietary systems. This was the first 
study comparing the runoff-erosion characteristics of proprietary systems on 
shotcreted cut slopes in Hong Kong. The two most commonly employed 
vegetation, standard grass mix and Wedelia trilobata, were effective in reducing 
surface runoff, soil loss and nutrient loss for both Toyo-Mulching and Geofiber. 
The amount of surface runoff generated from slopes mainly depended on rainfall 
amount while soil erosion was largely dependent on the amount of surface runoff. 
Nutrients were lost in the dissolved form for Toyo-Mulching while eroded soil was 
the main source of total nutrient loss for Geofiber. 
The substrate of Geofiber was much more susceptible to surface runoff, soil 
loss and nutrient loss than that of Toyo-Mulching. The hydraulic properties of the 
mulch-based substrate of Toyo-Mulching were attributed to its low surface runoff 
generation and erodibility via increased organic matter content, reduced bulk density 
and soil compaction, and enhanced maximum water retentive capacity. 
Consequently, small amount of nutrients was lost from Toyo-Mulching due to its 
minimal surface runoff and soil loss from the slope. 
The two most commonly employed vegetation were both effective in reducing 
surface runoff and soil loss. Yet, the intrinsic substrate properties of the proprietary 
systems showed great difference in generating surface runoff and soil loss and 
seemed to be more important to such reduction than the vegetation cover. 
Therefore, the properties of the growing media to enhance water infiltration and 
prevent soil erosion should be investigated in further study. 
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Chapter 4 Conclusions 
4.1 Summary of major findings 
In Hong Kong, a large number of cut slopes were created as a consequence of 
limited flat land to meet the growth and development of the city. To protect the 
slopes from erosion and mechanical failure, hard surface materials had been widely 
applied to prevent infiltration and protect the soil or rock masses in the past. Yet, 
these covers are visually unpleasant. The government thus promotes the use of 
vegetation in slope stabilization to make them look as natural as possible. As a 
result, various proprietary slope greening techniques have been developed by different 
companies to meet the needs. 
However, the proprietary systems are mostly applied on steep shotcreted cut 
slopes. Rainfall reaching the slopes will flow downslope as surface runoff, leading 
to reduced infiltration of water into the soil. Thus soil water storage and subsequent 
water available for plant use will be limited. Also, soil particles and mineral 
nutrients may be lost in the runoff which further reduces the fertility and storage 
capacity of the soil. In addition to the steep slope gradients, the proprietary systems 
possess thin substrate layers, leading to limited water storage capacity and restricted 
root exploitation in soil. Indeed, seasonal dieback of vegetation on proprietary 
systems has been observed. Therefore, limited soil water supplying capacity to the 
plants, and hence drought may be the determining factor for the dieback of vegetation 
on such slopes. 
The current project aimed at investigating the soil water status on slopes and to 
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improve the growing media for vegetation on cut slopes. The first study examined 
the soil moisture, nutrient levels, and physical and chemical properties of the 
substrates of four proprietary systems to assess whether drought is the main cause of 
vegetation failure. The results showed that soil moisture was closely related to and 
dependent on the ambient rainfall. Vegetation grew with high green coverage on 
slopes in summer when rainwater supply was sufficient. On the other hand, dieback 
of vegetation was observed on all the slopes in winter, when there was low amount of 
rainfall and soil moisture. In addition, TKN, TP and exchangeable cations were 
sufficient in both wet and dry seasons but mineral N and available P were in shortage. 
As green coverage was high in summer in which plant available nutrients were 
lacking, it is believed that drought was one of the determining factors in affecting the 
growth of vegetation on the proprietary systems. 
Among the slopes, mulch-based substrates showed higher organic matter than 
soil-based substrates. The higher organic matter content was attributed to the lower 
bulk density, higher total porosity, and higher water holding capacity and available 
water capacity in mulch-based substrates compared with soil-based ones. These 
properties were favourable for the substrates to hold more water in the steep and 
thin-layered environment. 
The second study examined the effectiveness of vegetation and inherent substrate 
properties on surface runoff and erosional soil losses from two commonly used 
proprietary systems. The results demonstrated that both standard grass mix and 
Wedelia trilobata were effective in reducing surface runoff, soil loss and nutrient loss 
from slopes for both Toyo-Mulching and Geofiber. Interception of raindrops by 
vegetation canopy, retardation of runoff velocity and deposition of eroded soil by 
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surface roughness of vegetation were largely responsible for such reduction. The 
generation of surface runoff was dependent upon total rainfall while surface runoff 
was the main factor controlling soil loss. Surface runoff, soil loss and nutrient loss 
were much greater for Geofiber than Toyo-Mulching. The peat content in the 
substrate of Toyo-Mulching was attributed to its high organic matter content, low bulk 
density and soil compaction, and high maximum water retentive capacity when 
compared with the sandy substrate of Geofiber. Thus, surface runoff and soil loss 
were negligible due to its high infiltration capacity and low soil erodibility. Nutrient 
loss from Toyo-Mulching was also limited due to the negligible surface runoff and 
soil loss from the slope consequently. 
4.2 Implications of the study 
The results from the current study revealed that soil moisture shortage in winter 
was a major factor responsible for the seasonal dieback of vegetation on proprietary 
systems. This was due to the inadequate rainfall during the dry season and the 
limited water storage capacity of the thin substrate layers. On the other hand, 
erosive substrate was prone to surface runoff and soil erosion in rainy season, 
reducing water infiltration potentially for moisture storage and deteriorating the 
substrate as a result of reduced substrate thickness, lowered water storage capacity 
and loss of fertility. Owing to safety concerns, thicker substrate is not practical as it 
will increase the burden of the systems. Therefore, substrate with high water 
holding capacity and infiltration capacity, and low erodibility (e.g. incorporation with 
mulching materials) should be investigated. 
Apart from improving the growing media of the systems, planting of drought 
resistant species may be another solution. Yet, their effectiveness in surviving the 
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winter is not known. The very small amount of rainfall in winter may be insufficient 
to provide enough water by the thin substrate layer. Whether those drought resistant 
species can survive the dry winter is questionable. Dry season irrigation seems to be 
another option. It has been suggested that maintenance watering of vegetation is 
needed during the dry season (Ashcroft, 1983). Adequate watering is thought to be 
the only one way to keep vegetation growth during the dry conditions in which 
watering shall be carried out if only minimal or even no rainfall is recorded in 2 
weeks (Toyo Greenland, 2006). Yet, it is a complicated subject requiring 
investigation in future due to the difficulty in defining suitable irrigation frequency 
and the high cost of irrigation. 
4.3 Limitations of the study 
This study investigated the relationship between soil moisture condition and 
vegetation growth on four slopes from four proprietary systems with the hope to 
provide evidence that drought was a major cause of vegetation failure. Although 
they represented four different classes of the proprietary systems, only one method of 
each class was examined due to limited time, manpower and instrumentation. It may 
be premature to say that drought is the sole cause of vegetation failure for all 
proprietary systems as many other systems with different substrate and vegetation 
components have not been investigated. The same problem also occurred in the 
runoff-erosion examination where only two proprietary systems with limited 
replication were investigated in the study. The effectiveness of the vegetation and 
substrates of other proprietary systems in reducing surface runoff, soil loss and 
nutrient loss is not known. 
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4.4 Suggestions for further investigation 
This study provides preliminary findings of the susceptibility of the proprietary 
systems for slope greening to drought and erosion. Yet, this only represents a part of 
the whole complicated picture. Further investigation in a number of areas is 
suggested. 
The drought-derived failure of vegetation needs further evidence from more 
slopes and proprietary systems if time is allowed. Drought resistant species should 
be investigated. Although pot experiments on drought resistant plant species are 
abundant, it is important to try them on genuine slopes to see whether they can 
survive the dry winter in Hong Kong. If such species also fail to get over the winter, 
dry season irrigation should be investigated so that green coverage can be maintained 
throughout the year. Focus should be placed on minimal cost and efforts for the dry 
season irrigation. Substrate with high water retention and infiltration capacity and 
low erodibility should also be investigated so as to support better growth of vegetation 
and reduce maintenance cost due to deterioration of slopes. 
Greening of steep shotcreted slopes is no easy task and challenges engineers, 
landscape architects and ecologists. However, it is believed that the goal of safe and 
green slopes around us will not be far away with professional knowledge, continuous 
research and close cooperation. 
138 
References 
Abramson L.W., Lee T.S., Sharma S. and Boyce G.M. 1996. Slope Stability and 
Stabilization Methods. John Wiley & Sons，New York. 
Adams J.E. 1966. Influence of mulches on runoff, erosion, and soil moisture depletion. 
Proceedings - Soil Science Society of America 30: 110-114. 
Ahn T.B., Cho S.D. and Yang S.C. 2002. Stabilization of soil slope using geosynthetic 
mulching mat. Geotextiles and Geomembranes 20:135-146. 
Albert S.B., Adolfo C., Artemi C., Roberto L., Roberto P. and Javier B. 1997. 
Influences of micro-relief patterns and plant cover on runoff related processes in 
badlands from Tabernas (SE Spain). Catena 31: 23-38. 
Allaby M. 2000. Basics of Environmental Science (2nd Edition). Routledge, New 
York. 
Andres P. and Jorba M. 2000. Mitigation strategies in some motorway embankments 
(Catalonia, Spain). Restoration Ecology 8: 268-275. 
Archer J.R. and Smith P.D. 1972. The relation between bulk density, available water 
capacity, and air capacity of soils. Journal of Soil Science 23: 475-480. 
Arnaez J” Larrea V. and Ortigosa L. 2004. Surface runoff and soil erosion on unpaved 
forest roads from rainfall simulation tests in northeastern Spain. Catena 57: 1-14. 
Barrows H.L. and Kilmer V.J. 1963. Plant nutrient losses from soils by water erosion. 
Advances in Agronomy 15: 303-316. 
Battany M.C. and Grismer M.E. 2000. Rainfall runoff and erosion in Napa Valley 
vineyards: effects of slope, cover and surface roughness. Hydrological Processes 14: 
1289-1304. 
Bauer A. and Black A丄.1992. Organic carbon effects on available water capacity of 
three soil textural groups. Soil Science Society of America Journal 56: 248-254. 
Bayfield N.G., Baker D.H. and Yah K.C. 1992. Erosion of road cuttings and the use of 
bioengineering to improve slope stability in Peninsular Malaysia. Singapore Journal 
139 
of Tropical Geography 13: 75-89. 
Bhagat R.M. and Verma T.S. 1991. Impact of rice straw management on soil physical 
properties and wheat yield. Soil Science 152: 108-115. 
Bradford J.M. 1986. Penetrability. In Methods of Soil Analysis Part 1. Physical and 
Minerological Methods 一 Agronomy Monograph no. 9 (2n ed). Ed. A. Klute. 
American Society of Agronomy, Madison, pp. 463-477. 
Bradshaw A.D. 1983. The reconstruction of ecosystems. Journal of Applied Ecology 
20: 1-17. 
Carvalho M.H.C., Laffray D. and Louguet P. 1998. Comparison of the physiological 
responses of Phaseolus vulgaris and Vigna unguiculata cultivars when submitted to 
drought conditions. Environmental Botany 40: 197-207. 
Ceballos A., Martinez-Fernandez J., Santos F. and Alonso P. 2002. Soil-water 
behaviour of sandy soils under semi-arid conditions in the Duero Basin (Spain). 
Journal of Arid Environment 51: 501-509. 
Census and Statistics Department (C&SD)，2006a 
http://www.censtatd.gov.hk/hong_kong_statistics/index.jsp 
Census and Statistics Department (C&SD) 2006b. Hong Kong in Figures (2006 
Edition). Census and Statistics Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Chan R.K.S. and Chan T.C.F. 1998. Geotechnical control system in Hong Kong. In 
Slope Engineering in Hong Kong. Eds. K.S Li., J.N. Kay and K.K.S. Ho. Rotterdam, 
Netherlands, pp. 203-211. 
Cheung W.M. and Shiu Y.K. 2002. Assessment of Global Landslide Risk Posed by 
Pre-1978 Man-made Slope Features: Risk Reduction from 1977 to 2000 Achieved by 
The LPM Programme. Geotechnical Engineering Office, Civil Engineering 
Department, The Government of the Hong Kong Special Administrative Region, 
Hong Kong. 
Chiu B.P.K. 2004. Slope Bioengineering in Hong Kong: A Study of Substrate 
140 
Properties and Vegetation Development. M.Phil, thesis. The Chinese University of 
Hong Kong, Hong Kong. 
Choi K.C. and Chau R.Y.H. 2004. Identification of Suitable Vegetation Species for 
Use on Man-made slopes. Landslip Preventive Measures Division 2, Civil 
Engineering and Development Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Civil Engineering Department (CED) 2004. 2003 Annual Report on Government 
Slope Safety Works. Civil Engineering Department, The Government of the Hong 
Kong Special Administrative Region, Hong Kong. 
Civil Engineering and Development Department (CEDD) 2006a. LPM Project. 
http://www.cedd.gov.hk/eng/projects/landslip/land_lpm.htm 
Civil Engineering and Development Department (CEDD) 2006b. Photo Gallery. 
http://hkss.cedd.gov.hk/hkss/eng/photo_gallery/index.htm 
Civil Engineering and Development Department (CEDD) 2006c. Slope Information 
System, http://hkss.cedd.gov.hk/hkss/eng/slopeinfo/index.htm 
Civil Engineering and Development Department (CEDD) 2006d. 2005 Annual Report. 
Civil Engineering and Development Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Colom M.R. and Vazzana C. 2003. Photosynthesis and PSII functionality of 
drought-resistant and drought-sensitive weeping lovegrass plants. Environmental and 
Experimental Botany 49: 135-144. 
Coppin N.J. and Richards I.Q 1990. Use of Vegetation in Civil Engineering. 
Butterworths, London. 
Coppin N. and Stiles R. 1995. Ecological principles for vegetation establishment and 
maintenance. In Slope Stabilization and Erosion Control: A Bioengineering Approach. 
Eds. R.P.C. Morgan and R.J. Rickson. E & FN Spon, London, pp. 59-93. 
Daly C.，Bachelet D.，Lenihan J.M., Neilson R.P., Parton W. and Ojima D. 2000. 
Dynamic simulation of tree-grass interactions for global change studies. Ecological 
141 
Applications 10: 449-469. 
Darmody R.G., Foss J.E., Mc Intosh M. and Wolf D.C. 1983. Municipal sewage 
sludge compost-amended soils: some spatiotemporal treatment effects. Journal of 
Environmental Quality 12: 231-236. 
Davenport M.L. and Nicholson S.E. 1993. On the relation between rainfall and the 
Normalized Difference Vegetation Index for diverse vegetation type in East Africa. 
International Journal of Remote Sensing 14: 2369-2389. 
Dawson L.A., Duff E.I.，Campbell C.D. and Hirst D.J. 2001. Depth distribution of 
cherry (Prunus avium L.) tree roots as influenced by grass root competition. Plant and 
Soil 231: 11-19. 
Diaz E., Roldan A., Castillo V. and Albaladejo J. 1997. Plant colonization and 
biomass production in a xeric torriorthent amended with urban solid refuse. Land 
Degradation & Development 8: 245-255. 
Du Plessis W.P. 2001. Effective rainfall defined using measurement of grass growth in 
the Etosha National Park, Namibia. Journal of Arid Environment 48: 397-417. 
El-Hassanin A.S., Labib T.M. and Gaber E.I. 1993. Effect of vegetation cover and 
land slope on runoff and soil losses from the watersheds of Burundi. Agriculture, 
Ecosystems and Environment 43: 301-308. 
Epstein E. 1975. Effect of sludge on some soil physical properties. Journal of 
Environmental Quality 4: 139-142. 
Epstein E., Taylor J.M. and Chaney R.L. 1976. Effects of sewage sludge and sludge 
compost applied to soil on some soil physical and chemical properties. Journal of 
Environmental Quality 5: 422-426. 
Evans N.C. and Lam J.S. 2002. Soil Moisture Conditions in Vegetated Cut Slopes and 
Possible Implications for Stability. Geotechnical Engineering Office, Civil 
Engineering Department, The Government of the Hong Kong Special Administrative 
Region, Hong Kong. 
Evans R. 1980. Mechanics of water erosion and their spatial and temporal controls: an 
142 
empirical viewpoint. In Soil Erosion. Eds. M.J. Kirkby and R.P.C. Morgan. John 
Wiley and Sons, Chichester, pp. 109-128. 
Farrar T.J., Nicholson S.E. and Lare A.R. 1994. The influence of soil type on the 
relationships between NDVI, rainfall, and soil moisture in semiarid Botswana. II. 
NDVI response to soil moisture. Remote Sensing of Environment 50: 121-133. 
Faucette L.B., Risse L.M., Nearing M.A.，Gaskin I.W. and West L.T. 2004. Runoff, 
erosion, and nutrient losses from compost and mulch blankets under simulated rainfall. 
Journal of Soil and Water Conservation 59: 154-160. 
Foster G.R.，Young R.A., Romkens M.J.M. and Onstad C.A. 1985. Processes of soil 
erosion by water. In Soil Erosion and Crop Productivity. Eds. R.F. Follett and B.A. 
Stewart. ASA, CSS A and SSSA, Madison. 
Freitas H.M.O. 1997. Drought. In Plant Ecophysiology. Ed. M.N.V. Prasad. John 
Wiley & Sons, New York, pp. 129-150. 
Frye W.W., Ebelhar S.A., Murdock L.W. and Bilevins R.L. 1982. Soil erosion effects 
on properties and productivity of two Kentucky soils. Soil Science Society of America 
Journal 46: 1051-1055. 
Gachene C.K.K., Jarvis N.J., Linner H. and Mbuvi J.P. 1997. Soil erosion effects on 
soil properties in a highland area of Central Kenya. Soil Science Society of America 
Journal 61: 559-564. 
Gee G.W. and Bauder J.W. 1986. Particle-size analysis. In Methods of Soil Analysis 
Part 1. Physical and Minerological Methods — Agronomy Monograph no. 9 (2nd ed.). 
Ed. A. Klute. American Society of Agronomy, Madison, pp. 383-409. 
Geotechnical Engineering Office (GEO) 1999. Bioengineering and Landscaping to 
Slopes in the HKSAR Government ’s Landslip Preventive Measures Programme. Civil 
Engineering Department. The Government of the Hong Kong Special Administrative 
Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2000a. Geotechnical Manual for Slopes. 
Civil Engineering Department. The Government of the Hong Kong Special 
Administrative Region, Hong Kong. 
143 
Geotechnical Engineering Office (GEO) 2000b. Technical Guidelines on Landscape 
Treatment and Bio-engineering for Man-made Slopes and Retaining Walls. Civil 
Engineering Department. The Government of the Hong Kong Special Administrative 
Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2002. Layman's Guide to Landscape 
Treatment of Slopes and Retaining Walls. Civil Engineering Department. The 
Government of the Hong Kong Special Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2004a. Information Note 一 Rainstorm 
Severity and Landslide Potential. Standards and Testing Division, Civil Engineering 
and Development Department, The Government of the Hong Kong Special 
Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2004b. Information Note - Reduction of 
Landslide Risk in Man-made Slopes from Year 2000 to 2010. Landslip Preventive 
Measures Division 2，Civil Engineering and Development Department, The 
Government of the Hong Kong Special Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2004c. Information Note 一 Surface 
Protection and Appearance of Slopes. Landslip Preventive Measures Division 2，Civil 
Engineering and Development Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2004d. Information Note , The Landslip 
Preventive Measures (LPM) Programme. Landslip Preventive Measures Division 1， 
Civil Engineering and Development Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2005a. Government Slope Safety Works 2004. 
Civil Engineering and Development Department, The Government of the Hong Kong 
Special Administrative Region, Hong Kong. 
Geotechnical Engineering Office (GEO) 2005b. Information Note ::.，Landslide 
Potential Index. Standards and Testing Division, Civil Engineering and Development 
Department, The Government of the Hong Kong Special Administrative Region, 
Hong Kong. 
144 
Geotechnical Engineering Office (GEO) 2006. Understanding Landslides and Slope 
Safety System. 
http://hkss.cedd.gov.hk/hkss/eng/education/school—talk/index.htm 
Goff B.F., Bent G.C. and Hart G.E. 1993. Erosion response of a disturbed sagebrush 
steppe hillslope. Environmental Quality 22: 698-709. 
Gollany H.T., Schumacher T.E., Lindstrom M.J., Evenson P.D. and Lemme G.D. 1992. 
Topsoil depth and desurfacing effects on properties and productivity of a Typic 
Argiustoll. Soil Science Society of America Journal 56: 220-225. 
Gough M.W. and Marrs R.H. 1990. A comparison of soil fertility between 
semi-natural and agricultural plant communities: implications for the creation of 
species-rich grassland on abandoned agricultural land. Biological Conservation 51: 
83-96. 
Grace III J.M.，Rummer B., Stokes B.J. and Wilhoit J. 1998. Evaluation of erosion 
control techniques on forest roads. American Society of Agricultural Engineering 41: 
383-391. 
Gray D.H. and Leiser A.T. 1989. Biotechnical Slope Protection and Erosion Control. 
Krieger Publishing Company, Florida. 
Gray D.H. and Sotir R.B. 1996. Biotechnical and Soil Bioengineering Slope 
Stabilization: A Practical Guide for Erosion Control. John Wiley & Sons, New York. 
Greenway D.R., Anderson M.G and Brian-Boys K.G. 1984. Influence of vegetation 
on slope stability in Hong Kong. In Proceedings, 4th International Symposium on 
Landslides, Toronto 1984. Engineering Development Department, Hong Kong. 
Gupta S.C., Dowdy R.H. and Larson W.E. 1977. Hydraulic and thermal properties of 
a sandy soil as influenced by incorporation of sewage sludge. Soil Science Society of 
America Journal 41: 601-605. 
Hamblin A.P. and Davies D.B. 1977. Influence of organic matter on the physical 
properties of some East Anglian soils of high silt content. Journal of Soil Science 28: 
11-22. 
145 
Harrington G.N. 1991. Effects of soil moisture on shrub seedling survival in a 
semi-arid grassland. Ecology 72:1138-1149. 
Hau B.C.H. and Corlett R.T. 2003. Factors affecting the early survival and growth of 
native tree seedlings planted on a degraded hillside grassland in Hong Kong, China. 
Restoration Ecology 11: 483-488. 
Heathwaite A丄.and Dils R.M. 2000. Characterising phosphorus loss in surface and 
subsurface hydrological pathways. The Science of the Total Environment 251/252: 
523-538. 
Helliwell D.R. 1995. Rooting habits and moisture requirements of trees and other 
vegetation. In Vegetation and Slopes: Stabilisation, Protection and Ecology. Ed. D.H. 
Baker. Telford, London, pp. 260-263. 
Herr D.G., Duchesne L.C. and Reader R.J. 1999. Effects of soil organic matter, 
moisture, shading and ash on white pine {Pinus strobes L.) seedling emergence. New 
Forests 18:219-230. 
Highways Department (HyD) 2003. Review of Interim Performance of Various 
Proprietary Soft Landscape Treatment under Trial on HYD Slopes. Highways 
Department, The Government of the Hong Kong Special Administrative Region, 
Hong Kong. 
Hilhorst H.W.M. and Toorop P.E. 1997. Review on dormancy, germinability, and 
germination in crop and weed seeds. Advances in Agronomy 61: 111-165. 
Hillel D. 1971. Soil and Water: Physical Principles and Processes. Academic Press, 
New York. 
Hillel D. 1998. Environmental Soil Physics. Academic Press, San Diego. 
Hong Kong Construction (Technology) Limited 2006. Geofiber. 
http://www.hongkongconst.com/new web/hkct_geofiber.htm 
Hong Kong Observatory (HKO) 2006. Climate of Hong Kong. 
http://www.hko.gov.hk/cis/climahk_e.htm 
146 
Hsu S.I., Lam K.C. and Chan K.S. 1983. A Study of Soil Moisture and Runoff 
Variation in Hillslopes. Occasional Paper No. 45, Department of Geography, The 
Chinese University of Hong Kong, Hong Kong. 
Hudson B.D. 1994. Soil organic matter and available water capacity. Journal of Soil 
and Water Conservation 49: 189-194. 
Istok J.D. and Boersma L. 1986. Effect of antecedent rainfall on runoff during 
low-intensity rainfall. Journal of Hydrology 88: 329-342. 
Kershaw K.R.，Mitchley J., Buckley QP. and Helliwell D.R. 1995. Slope protection 
and establishment of vegetation on channel tunnel spoil in an environmentally 
sensitive coastal site. In Vegetation and Slopes: Stabilisation, Protection and Ecology. 
Ed D.H. Baker. Telford, London, pp. 117-126. 
Khaleel R.，Reddy K.R. and Overcash M.R. 1981. Changes in soil physical properties 
due to organic waste applications: a review. Journal of Environmental Quality 10: 
133-141. 
Kidron G.J. and Yair A 2001. Runoff-induced sediment yield over dune slopes in the 
Negev Desert. 1: Quantity and variability. Earth Surface Processes and Landforms 26: 
461-474. 
Kladivko E.J. and Nelson D.W. 1979. Changes in soil properties from application of 
anaerobic sludge. Journal of Water Pollution Control Federation 51: 325-332. 
Koo Y.C. 1998. Some important aspects of design of soil slopes in Hong Kong. In 
Slope Engineering in Hong Kong. Eds. K.S Li., J.N. Kay and K.K.S. Ho. Rotterdam, 
Netherlands, pp. 21-29. 
Krenitsky E.C., Carroll M.J.，Hill R.L. and Krouse J.M. 1998. Runoff and sediment 
losses from natural and man-made erosion control materials. Crop Science 38: 
1042-1046. 
Kreznor W.R.，Olson K.R., Banwart W.L. and Johnson D.L. 1989. Soil, landscape, 
and erosion relationships in a northwest Illinois watershed. Soil Science Society of 
America Journal 53: 1763-1771. 
147 
Kumar S.，Malik R.S. and Dahiya I.S. 1984. Water retention, transmission and contact 
characteristics of Ludas sand as influenced by farmyard manure. Australian Journal 
of Soil Research 22: 253-259. 
Kumar S., Malik R.S. and Dahiya I.S. 1985. Influence of different organic wastes 
upon water retention, transmission and contact characteristics of a sandy soil. 
Australian Journal of Soil Research 23: 131-136. 
Lai R. 1979. The role of physical properties in maintaining productivity of soils in the 
tropics. In Soil Physical Properties and Crop Production in the Tropics. Eds. R. Lai 
and D.J. Greenland. John Wiley & Sons, New York, pp. 3-5. 
Lai R. 1995. Erosion - Crop productivity relationships for soils of Africa. Soil Science 
Society of America Journal 59: 661-667. 
Lai R.，Ahmadi M. and Bajracharya R.M. 2000. Erosional impacts on soil properties 
and corn yield on Alfisols in central Ohio. Land Degradation & Development 11: 
575-585. 
Landon J.R. 1991. Booker Tropical Soil Manual: A Handbook for Soil Survey and 
Agricultural Land Evaluation in the Tropicals and Subtropicals. Longman Scientific 
& Technical, Harlow. 
Larney F.J., Izaurralde R.C., Janzen H.H. and Olson B.M. 1995. Soil erosion - Crop 
productivity relationships for six Alberta soils. Journal of Soil and Water 
Conservation 50: 87-91. 
Lau J.K.W. 2005. Species Selection for Cutslope Revegetation. M.Phil, thesis. The 
Chinese University of Hong Kong, Hong Kong. 
Lee I.W.Y. 1985. A review of vegetative slope stabilization. Hong Kong Engineer. 13: 
9-21. 
Lee K.H., Isenhart T.M. and Schultz R.C. 2003. Sediment and nutrient removal in an 
established multi-species riparian buffer. Journal of Soil and Water Conservation 58: 
1-8. 
Lee K.H., Isenhart T.M., Schultz R.C. and Mickelson S.K. 1999. Nutrient and 
148 
sediment removal by switchgrass and cool-season grass filter strips in Central Iowa, 
USA. Agroforestry Systems 44: 121-132. 
Lemunyon J.L. and Daniel T.C. 2002. Quantifying phosphorus losses from the 
agricultural system. Journal of Soil and Water Conservation 57: 399-401. 
Liang T., Wang H., Kung H.T. and Zhang C.S. 2004. Agricultural land-use effects on 
nutrient losses in West Tiaoxi watershed, China. Journal of the American Water 
Resources Association 40: 1499-1510. 
Linsley R.K., Kohler M.A. and Paulhus J.L.H. 1975. Hydrology for Engineers (2nd 
Edition). McGraw-Hill, New York. 
Lo D.O.K. and Cheung W.M. 2004. Assessment of Landslide Risk of Man-made 
Slopes in Hong Kong. Geotechnical Engineering Office, Civil Engineering and 
Development Department, The Government of the Hong Kong Special Administrative 
Region，Hong Kong. 
Lui B.L.S. and Shiu Y.K. 2004. Performance Assessment of Greening Techniques on 
Slopes. Standards and Testing Division, Civil Engineering and Development 
Department, The Government of the Hong Kong Special Administrative Region, 
Hong Kong. 
Malone A.W. 1998. Risk management and slope safety in Hong Kong. In Slope 
Engineering in Hong Kong. Eds. K.S Li., J.N. Kay and K.K.S. Ho. Rotterdam, 
Netherlands, pp. 3-17. 
Martinez J.R.F., Zuazo V.H.D. and Raya A.M. 2006. Environmental impact from 
mountainous olive orchards under different soil-management systems (SE Spain). 
Science of the Total Environment 358: 46-60. 
Mays D.A., Terman G.L. and Duggan J.C. 1973. Municipal compost: effects on crop 
yields and soil properties. Journal of Environmental Quality 2: 89-92. 
Mbagwu J.S.C. 1989. Effects of organic amendments on some physical properties of a 
tropical ultisol. Biological Wastes 28: 1-13. 
McLaren R.G. 1990. Soil Science: An Introduction to the Properties and Management 
149 
of New Zealand Soils. Oxford University Press, Melbourne. 
Metzger L. and Yaron B. 1987. Influence of sludge organic matter on soil physical 
properties. Advances in Soil Science 7: 141-163. 
Meyer L.D., Wischmeier W.H. and Foster GR. 1970. Mulch rates required for erosion 
control on steep slopes. Proceedings 一 Soil Science Society of America 34: 928-931. 
Meyles E” Williams A” Ternan L. and Dowd J. 2003. Runoff generation in relation to 
soil moisture patterns in a small Dartmoor catchment, Southwest England. 
Hydrological Process 17: 251-264. 
Miyashita K., Tanakamaru S.，Maitani T. and Kimura K. 2005. Recovery responses of 
photosynthesis, transpiration, and stomatal conductance in kidney bean following 
drought stress. Environmental and Experimental Botany 53: 205-214. 
Mora F. and Iverson L.R. 1998. On the source of vegetation activity variation, and 
their relation with water balance in Mexico. Remote Sensing 19: 1843-1871. 
Morgan R.P.C. and Rickson R.J. 1995. Water erosion control. In Slope Stabilization 
and Erosion Control: A Bioengineering Approach. Eds. R.P.C. Morgan and R.J. 
Rickson. E & FN Spon, London, pp. 133-141. 
Ng C.K. 1993. Effects of Organic Wastes on the Physical Properties of Cultivated Soil 
in Hong Kong. M.Phil, thesis. The Chinese University of Hong Kong, Hong Kong. 
Nicholson S.E., Davenport M.L. and Malo A.R. 1990. A comparison of the vegetation 
response to rainfall in the Sahel and East Africa, using Normalized Difference 
Vegetation Index from NOAA AVHRR. Climate Change 17: 209-241. 
Nicholson S.E. and Farrar T.J. 1994. The influence of soil type on the relationships 
between NDYI, rainfall, and soil moisture in semiarid Botswana. I. NDVI reponse to 
rainfall. Remote Sensing of Environment 50: 107-120. 
Nill D. and Nill E. 1993. The efficient use of mulch layers to reduce runoff and soil 
loss. In Soil Organic Matter Dynamics and Sustainability of Tropical Agriculture. Eds. 
K. Mulongoy and R. Merckx. John Wiley & Sons, New York. pp. 331-338. 
150 
Nogues S. and Baker N.R. 2000. Effects of drought on photosynthesis in 
Mediterranean plants grown under enhanced UV-B radiation. Journal of Experimental 
Botany 5\: 1309-1317. 
Obi M.E. and Ebo P.O. 1995. The effects of organic and inorganic amendments on 
soil physical properties and maize production in a severely degraded sandy soil in 
southern Nigeria. Bioresource Technology 51: 117-123. 
Ogaya R. and Penuelas J. 2004. Comparative field study of Quercus ilex and Phillyrea 
latifolia: photosynthetic response to experimental drought conditions. Environmental 
and Experimental Botany 50: 137-148. 
Ogban P.I., Ekanem T.P. and Etim E.A. 2001. Effect of mulching methods on soil 
properties and growth and yield of maize in south-eastern Nigeria. Tropical 
Agriculture 78: 82-89. 
Olness A. and Archer D. 2005. Effect of organic carbon on available water in soil. Soil 
Science 170: 90-101. 
Pandit K.N. 1999. A Study of Soil Moisture Variability and Vegetation Greenness 
Dynamics in a Mountainous Rangeland Watershed using Direct Measurements, 
Remote Sensing, and Modeling. Ph.D. thesis. University of Idaho, USA. 
Pimentel C” Hebert G. and da Silva J.V. 1999. Effects of drought on O2 evolution and 
stomatal conductance of beans at the pollination stage. Environmental and 
Experimental Botany 42: 155-162. 
Pimentel D. and Harvey C. 1999. Ecology effects of erosion. In Ecosystems of 
Disturbed Ground. Ed. L.R. Walker. Elsevier, New York, pp. 123-135. 
Pote D.H., Grigg B.C., Blanche C.A. and Daniel T.C. 2004. Effects of pine straw 
harvesting on quantity and quality of surface runoff. Journal of Soil and Water 
Conservation 59: 197-203. 
Premchitt J., Lam T.S.K., Shen J.M. and Lam H.F. 1992. Rainstorm Runoff on Slopes. 
Geotechnical Engineering Office, Civil Engineering Department, Hong Kong. 
Qian Y.L. and Fry J.D. 1996. Irrigation frequency affects zoysiagrass rooting and 
151 
plant water status. HortScience 31: 234-237. 
Qian Y.L” Fry J.D. and Upham W.S. 1997. Rooting and drought avoidance of 
warm-season turfgrass and tall fescue in Kansas. Crop Science 37: 905-910. 
Rhoton F.E. and Lindbo D.L. 1997. A soil depth approach to soil quality assessment. 
Journal of Soil and Water Conservation 52: 66-72. 
Rickson R.J. 1995. Simulated vegetation and geotextiles. In Slope Stabilization and 
Erosion Control: A Bioengineering Approach. Eds. R.P.C. Morgan and R.J. Rickson. 
E & FN Spon, London, pp. 95-131. 
Rowell D.L. 1994. Soil Science: Methods and Applications. Wiley, New York. 
Royal Observatory 1994. Monthly Weather Summary. Royal Observatory, Hong 
Kong. 
Royal Observatory 1995. Monthly Weather Summary. Royal Observatory, Hong 
Kong. 
Royal Observatory 1996. Monthly Weather Summary. Royal Observatory, Hong 
Kong. 
Russell E.J. 1973. Soil Conditions and Plant Growth. Ed. E.W. Russell. Longman, 
London. 
Salter P.J. and Williams J.B. 1965. The influence of texture on the moisture 
characteristics of soils II. available-water capacity and moisture release characteristics. 
Journal of Soil Science 16: 310-317. 
Sanchez L.A., Ataroff M. and Lopez R. 2002. Soil erosion under different vegetation 
covers in the Venezuelan Andes. The Environmentalist 22: 161-172. 
Schenk H.J. and Jackson R.B. 2002. Rooting depths，lateral root spreads and 
below-ground/above-ground allometries of plants in water-limited ecosystems. The 
Journal of Ecology 90: 480-494. 
Schinner F., Ohlinger R., Kandeler E. and Margesin R. 1995. Methods in Soil Biology. 
152 
Springer, New York. 
Shah N.H. and Paulsen G.M. 2003. Interaction of drought and high temperature on 
photosynthesis and grain-filling of wheat. Plant and Soil 257: 219-226. 
Sharpley A.N. and Smith S.J. 1990. Phosphorus transport in agricultural runoff: the 
role of soil erosion. In Soil Erosion on Agricultural Land. Eds. J. Boardman, I.D.L. 
Foster and J.A. Dearing. John Wiley & Sons，New York, pp. 351-365. 
Sheldon J.C. and Bradshaw A.D. 1977. The development of a hydraulic seeding 
technique for unstable sand slopes — 1. Effects of fertilizers, mulches and stabilizers. 
The Journal of Applied Ecology 14: 905-918. 
Silvertown J., Dodd M.E., McConway K.，Potts J. and Crawley M. 1994. Rainfall, 
biomass variation, and community composition in the Park Grass Experiment. 
Ecology 75: 2430-2437. 
Soane B.D. 1990. The role of organic matter in soil compactibility: a review of some 
practical aspects. Soil & Tillage Research 16: 179-201. 
Souza R.P., Machado E.C., Silva J.A.B., Lagoa A.M.M.A. and Silveira J.A.G. 2004. 
Photosynthetic gas exchange, chlorophyll fluorescence and some associated metabolic 
changes in cowpea (Vigna unguiculata) during water stress and recovery. 
Environmental and Experimental Botany 51: 45-56. 
Tester C.F. 1990. Organic amendment effects on physical and chemical properties of a 
sandy soil. Soil Science Society of America Journal 54: 827-831. 
Thompson P.J., Jansen I.J. and Hooks C.L. 1978. Penetrometer resistance and bulk 
density as parameters for predicting root system performance in mine soils. Soil 
Science Society of America Journal 51: 1288-1293. 
Tilman D. and Haddi A.E. 1992. Drought and biodiversity in grasslands. Oecologia 
89: 257-264. 
Toyo Greenland Company Limited (Toyo Greenland) 2006. Toyo Green Tips ^ 
Maintaining a Healthy Growth of Vegetation during Dry Seasons. 
http://www.toyogreen.com/Toyo%20Tips/Watering%20in%20Dry%20Season.pdf 
153 
Trouse Jr. A.C. 1979. Soil physical characteristics and root growth. In Soil Physical 
Properties and Crop Production in the Tropics. Eds. R. Lai and D.J. Greenland. John 
Wiley & Sons, New York, pp. 319-325. 
Trouse Jr. A.C. and Humbert R.P. 1961. Some effects of soil compaction on the 
development of sugarcane roots. Soil Science 91: 208-217. 
Tucker C.J., Vanpraet C” Boerwinkel E. and Gaston A. 1983. Satellite remote sensing 
of total dry matter production in the Senegalese Sahel. Remote Sensing of 
Environment 13: 461-474. 
Volaire F., Thomas H., Bertagne N., Bourgeois E., Gautier M. and Lelievre F. 1998. 
Survival and recovery of perennial forage grasses under prolonged Mediterranean 
drought: II. Water status, solute accumulation, abscisic acid concentration and 
accumulation of dehydrin transcripts in bases of immature leaves. New Phytologist 
140:451-460. 
Weil R.R. and Kroontje W. 1979. Physical condition of a Davidson clay loam after 
five years of heavy poultry manure application. Journal of Environmental Quality 8: 
387-392. 
Wellens J. 1997. Rangeland vegetation dynamics and moisture availability in Tunisia: 
an investigation using satellite and meteorological data. Journal of Biogeography 24: 
845-855. 
Winter E.J. 1974. Water, Soil, and the Plant. Macmillan, London. 
Wischmeier W.H. and Mannering J.V. 1969. Relation of soil properties to its 
erodibility. Proceedings — Soil Science Society of America 33: 131-137. 
Wong J.W.C. and Ho G.E. 1991. Effects of gypsum and sewage sludge amendment on 
physical properties of fine bauxite refining residue. Soil Science! 52: 326-332. 
Wood D.M. and Moral R.D. 1988. Colonizing plants on the Pumice Plains, Mount St. 
Helens, Washington. American Journal of Botany 75: 1228-1237. 
Wood D.M. and Morris W.F. 1990. Ecological constraints to seedling establishment 
on the Pumice Plains, Mount St. Helens, Washington. American Journal of Botany 77: 
154 
1411-1418. 
Works Bureau 1993. Works Branch Technical Circular - Control of Visual Impact on 
Slopes. Works Bureau, Hong Kong. 
Wu T.H. 1995. Slope stabilization. In Slope Stabilization and Erosion Control: A 
Bioengineering Approach. Eds. R.P.C. Morgan and R.J. Rickson. E & FN Spon, 
London, pp. 221-264. 
Zhang B” Yang Y.S. and Zepp H. 2004. Effect of vegetation restoration on soil and 
water erosion and nutrient losses of a severely eroded clayey Plinthudult in 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CUHK L i b r a r i e s 
_ _ _ ； 
0 0 4 4 3 9 8 2 1 
